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ABSTRACT
Mendes, Adriano Ph.D., Purdue University, December 2017. From Replication to
Assembly, a Thesis on the Fate of the Alphavirus RNA Genome During Infection.
Major Professor: Richard J. Kuhn.
Positive strand RNA viruses employ a similar strategy with regards to their replication cycle. Generally, these viruses insert their RNA genome into a cell, followed
by the replication of the genome and then the assembly of a particle. This pathway
makes the genomic RNA of the virus, a substrate for at least three diﬀerent reactions
within an infected cell. These being translation, RNA synthesis/ RNA replication and
assembly of a virion. This thesis will outline studies, which aimed at understanding
how a model RNA virus controls when and where each process is carried out.
The alphaviruses are a group of positive sense, single stranded, RNA viruses of
65-70nm in diameter. These viruses encapsidate a single 11kb RNA genome, within
a nucleocapsid particle that is itself surrounded by a lipid envelope. Both the nucleocapsid and the envelope maintain a T =4 symmetry. The alphavirus life cycle has been
well characterised with regards to the cleavage of the replication proteins, that deﬁnes substrate recognition, during RNA replication. In addition, multiple structures
of alphavirus particles have been published, which have allowed for an identiﬁcation
of the morphology of a particle. However, the intracellular events that guide the RNA
genome between the processes of translation, replication and assembly are not well
understood. More speciﬁcally, how the RNA is recognized for each of these processes
has been neglected.
In Chapter 2 of this thesis, a study was initiated to deﬁne how the conserved
sequence elements (CSE), found on the genomic RNA of all alphaviruses, govern
the fate of the RNA during infection. A system was developed in which the CSEs

xvi
could be manipulated without eﬀecting the translation of the proteins required for
infection. This system is referred to as a replicon-helper system as it employs a
replicon RNA molecule, which is able to replicate but not make particles, and a helper
RNA molecule, which is able to replicate only in the presence of the replicon and make
the structural proteins required for a virion. It was concluded that alphaviruses utilise
their CSEs in a speciﬁc order. These signals had no eﬀect on translation but a subset
were essential in replication (CSE1, 2 and 4). Structural proteins not generated
from the CSE3, despite equal concentrations of capsid protein, did not assemble as
eﬃciently. Finally and despite evidence to the contrary in the ﬁeld, the packaging
signal was not required for the packaging of a helper RNA into a particle. In the later
part of this study, the particles themselves were also analysed and it was concluded
that each RNA may have been packaged into separate particles, a conclusion that
implicates location of assembly as a critical element in deﬁning speciﬁcity.
In Chapter 3, a set of experiments was carried out with the basic premise of cotransfecting replicating, full length alphaviruses and determining which was packaged
into particles with greater eﬃciency. Unfortunately, the experiments could not be carried out as predicted, owing to a limitation in how eﬃciently two genomes could be
transfected into a single set of cells. However, despite this, it was observed consistently that a full length genomic RNA was able to out-compete a replicon genome
for packaging into particles. This observation was to some degree, dependent on the
packaging signal, as its mutation, resulted in more replicon particles in the next generation. However, the eﬀect of the packaging signal was transient, since full length
virus with a mutant packaging signal excluded the replicon after 2 subsequent generations. These results were in line with observations made in the previous chapter,
which suggested that the mechanism of assembly, of which packaging of the genomic
RNA is paramount, is more sophisticated than a simple requirement for a packaging signal. Elements such as the location of assembly and the kinetics with which
replication and structural proteins are in sync, may serve as important a role as the
presence or absence of a packaging signal.

xvii
In the ﬁnal data chapter, the speciﬁcity with which genomic RNA was incorporated into a particle, was analysed. In this study, we partnered with Dr Andrew
Routh at the University of Texas Medical Branch, to do a deep sequencing analysis of
puriﬁed SINV particles from two sets of tissue cultured cells. To this end, SINV was
puriﬁed from BHK cells and C6/36 cells at diﬀerent time points, which approximated
to peak virus release kinetics in each cell line. The results showed that the eﬃciency
of packaging SINV genomic RNA was extraordinarily high, when particles were puriﬁed from BHK cells. SINV derived from C6/36 cells on the other hand, showed
higher speciﬁcity early, and became progressively worse as the infection proceeded, in
favour of packaging more host cell RNAs. It was concluded that this eﬀect correlated
to the kinetics of infection within the C6/36 cell line, which was able to maintain
SINV infection without the cells dying. Host cell RNA packaging was found to have
a minor but discernible eﬀect on the thermal stability and speciﬁc infectivity of the
C6/36 SINV particles. These observations are in line with a multitude of diﬀerences
that have been previously observed during the infection of model mammalian (BHK)
vs. insect (C6/36) systems. In addition, the observation that host cell RNA could
be consistently detected in SINV particles, suggested that the mechanism of RNA
packaging is not necessarily speciﬁc for the genomic RNA of the virus. Therefore, the
utilisation of a packaging signal as well as a speciﬁc location and coordinated kinetics
are all under very tight control in the mammalian system, in order to achieve the
high degree of speciﬁcity that was observed.

1

1. FAMILY TOGAVIRIDAE, GENUS ALPHAVIRUS
1.1

Classiﬁcation and disease
Alphaviruses are part of the family Togaviridae, which were named after the mor-

phology of their particles. By observing the morphologies of alphavirus particles, each
particle appeared as if it were wearing a roman coat or toga and so these viruses were
named togaviruses [1]. Originally comprised of group A and B viruses, those now
called alphaviruses and ﬂaviviruses, the Togaviridae was once a broad classiﬁcation
for viruses that infected mammals but came from insects. Since then, the Flaviviruses
have been classiﬁed into their own family, the Flaviviridae, of which Zika virus and
dengue virus are well publicized human pathogens [2]. The genus Alphavirus is one
of two genera within the currently classiﬁed Togaviridae (together with the genus
Rubivirus) and consists of 31 members (ICTV). An alphavirus is an enveloped, 6570nm, spherical particle and packages a single stranded positive sense RNA molecule
(ssRNA) of approximately 11kb [1]. There are 7 antigenically distinct complexes of
alphavirus (Table 1) and they can be found world-wide [3]. As arboviruses, these
viruses utilise mosquitoes as a vector between host species. Animals in which alphaviruses have been isolated come from the land, the sea and the sky, a factor which
likely contributes to their diverse geographic distribution.
Alphaviruses are also classiﬁed based on geographic identiﬁcation as either old
world or new world. New world alphaviruses have been shown to cause a higher
incidence of encephalitis compared to the old world viruses. VEEV is a particularly
important new world member due to the fact that it has been weaponised in the
past. VEEV, WEEV, EEEV and the members of these clades cause typical acute
viral febrile symptoms with the occasional onset of encephalitis [4]. These viruses
circulate in enzootic life cycles but can spill over into human populations. Spill
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over is more likely when they circulate in agricultural environments [5]. RRV is
another old world alphavirus that has been responsible for signiﬁcant human disease.
RRV circulates in Australia with periodic outbreaks during the rainy season. RRV
causes rash, arthralgia and myalgia in humans. RRV is rarely fatal, however a high
proportion of patients go on to develop a chronic form of the disease lasting several
months, which is severely debilitating [6]. CHIKV is considered one of the most likely
alphaviruses to emerge to epidemic proportions. This is due to the fact that although
an old world virus, CHIKV outbreaks have now occurred in Asia, Europe, South and
North America. Similar to RRV, CHIKV infection presents with fever, rash, severe
arthralgia and myalgia. It has also been associated with chronic disease outcomes [7].
A source of major concern regarding CHIKV, was the observation that a lineage
adapted to utilise a diﬀerent vector mosquito (Aedes albopictus) via the substitution
of a single amino acid on the E1 surface glycoprotein (A226V) [8]; [9]. This is believed
to be a potential mechanism behind the spread of the virus. Finally, MAYO has
been identiﬁed as another emerging alphaviral threat. Currently, human infection
has been primarily identiﬁed in urban locations, which border forests. However,
owing to its broad vector competence and recent outbreaks in expanded locations,
the suggestion has been made that this virus is poised to emerge [10]. This should be
considered a dangerous possibility as given the sylvatic life cycle of the virus; large
populations would be antigenically naive. Alphaviruses are thus very successful and
potentially dangerous viruses as they exist on every corner of the globe. Stunningly,
there are no licensed alphavirus vaccines or an alphavirus speciﬁc antiviral regimen.
This underscores the need for continued research in this area.

1.2

Genomic organization, particle structure and basic life cycle
The genomic RNA of an alphavirus consists of two open reading frames, each

controlled by its own promoter (Figure 1.1). The 5’ two thirds of the genome code for
the replication/non-structural proteins: nsP1-4. These proteins are transcribed from
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the 5’ promoter as a single polyprotein and are subsequently cleaved by the viral protease nsP2 in a pre-determined order, which is hypothesised to control the speciﬁcity
of RNA synthesis [11]. RNA replication is achieved via the synthesis of a negative
strand intermediate which is subsequently copied into further positive strands (Figure
1.2). RNA synthesis is asymmetric in that more positive strands accumulate than
negative ones [12]. The alphavirus genome determines the progression of infection,
as the replication proteins accumulate prior to the production of structural proteins,
which are coded towards the 3’ end. Maturation of the replication complex results
in the recognition of a subgenomic/26S promoter on the negative sense strand. The
subgenomic RNA is translated into a second polyprotein, which codes for the structural genes [13]. The capsid protein (CP), the envelope proteins (E3, E2 and E1) and
the transmembrane pore proteins, 6K and TF, are all produced from the structural
polyprotein. The CP is the only cytoplasmic structural component, as the rest of the
polyprotein is inserted into the ER. E1 and E2 are glycosylated and end up on the
plasma membrane which is also the site of budding [14]. The speciﬁc functions of 6K
and TF are ambiguous but appear to be responsible for viroporin activity [15].
An alphavirus particle has a distinguishing shape and structure. It is one of the
few T =4, icosahedral enveloped viruses. There are 240 copies of both E1 and E2 on
the virion surface, each of which is assembled into a trimer of heterodimers, often
referred to as glycoprotein spikes [16]. Both E1 and E2 have transmembrane domains
but only the cytoplasmic domain of each E2 molecule (cdE2) interacts with the CPs
that form the nucleocapsid core (NC) below the envelope [17].
The symmetry of the surface mirrors the symmetry of the NC, which is therefore
also T =4. 240 copies of the CP make up the NC [18]. The C-terminal domain of the
CP (also the protease domain) can be visualised by cryo-electron microscopy (cryoEM) in the form of pentamers and hexamers, which are collectively referred to as
capsomers [19]. The N-terminal domain of CP extends into the NC and contacts the
RNA genome.
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categorized as responsible for replication (blue) or the structure of
the particle (purple). Each polyprotein is cleaved to yield proteins
which contribute speciﬁc functions, some of which are mentioned below each unit. The capsid protein is a diﬀerent colour from the rest
of the structural proteins to denote that after cleavage it remains
cytoplasmic. The rest of the structural proteins pass through the
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NTPase = nucleoside triphosphatase; RdRp = RNA dependent RNA
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Entry of alphavirus virions is the primary responsibility of the surface proteins E1
and E2. Like most viruses, these viral proteins must attach to a host receptor on the
plasma membrane, which can be one determinant of the viruses host range and tissue
tropism [20]. Alphaviruses have a broad host range and thus the search for receptors
has been diﬃcult. Attachment factors such as heparin sulphate have been reported as
playing some role. One of the ﬁrst host receptors was identiﬁed using an antibody that
blocked SINV entry. This antibody recognised the laminin surface protein that forms
part of the basement membrane. This protein was subsequently shown to facilitate
entry [21]. The divalent ion transporter, natural resistance-associated macrophage
protein (NRAMP) was also shown to both mediate binding and entry of SINV into
insect and mammalian cells [22]. The subsequent entry of the virus, was shown to
be facilitated by clathrin mediated endocytosis [23]. Alphaviruses therefore follow
a pH dependent entry mechansims in which the fusion loop of E1 is exposed after
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rearrangement of the glycoproteins. Fusion of the endosomal and viral membranes
allows the NC entry into the cytoplasm [24]; [25].
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Fig. 1.2. Cleavage of the replication polyprotein regulates substrate
recognition of the replication complex. The non-structural proteins
1-3 (nsP1-3) are translated predominantly early in infection. nsP4 is
produced by a read-through mechanism which is less eﬃcient. Uncleaved nsP1-3 and nsP4 form the negative strand complex and thus
produce negative sense copies (red) from a positive sense parent strand
(black). Cleavage of the 2/3 and 1/2 sites changes the complex into a
positive sense complex; copying the negative sense strands (red) into
multiple positive sense copies (black). This appears to be the terminal maturation state of the replication complex, since negative strand
production ceases approximately 4-6h post infection

Dissasembly of the NC has also proved a diﬃcult process to explain. The most
complete model to date involves the interaction of the CP with the ribosome upon
entry into the cytoplasm. This model is primarily derived from observations that
the ribosome is able to interact with the CP [26]. To summarise the model brieﬂy:
the NC is metastable and primed for disassembly upon entry, after which cellular
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proteins, particularly initiation factors and ribosomal subunits, can gain access to
the genomic RNA, initiating disassembly [27]. The genomic RNA is capped and
polyadenylated and is thus translated in a cap dependant manner after disassembly.
Early translation results in the production of the replication complex. The current
model for alphavirus replication is governed by the laws of nsP2 cleavage [1]. This
means that the regulation of the cleavage of the non-structural polyprotein (nsP1-4)
controls the substrate recognition of the complex (Figure 1.2). Initially, the proteins
are produced as P123 due to the presence of an Opal termination codon prior to nsP4.
This codon is read-through in 10-20% of the transcripts, producing P123+4 [28].
Evidence suggests that this complex has a preference for minus strand production
[29]. Subsequent cleavage of the 2/3 and then 1/2 bonds alters recognition such that
plus strands are produced preferentially and eventually subgenomic RNAs, which
outnumber genomic copies at later time points [11] [30]. This model has yet to be
illustrated structurally except for a precleavage intermediate of the P23 portion. This
structure supports the concept of trans-cleavage at the 2/3 site, which was predicted
genetically [31]. It is also unclear what role host factors would play in the mechanism
as more recent work suggests that alphaviruses utilise G3BP1 and 2 proteins and may
usurp the stress granule response to create replication factories [32]; [33].
A prerequisite for RNA synthesis is the recognition of the viral genomic RNA. To
do so viruses generally employ cis-acting RNA regulatory elements or RNA signals
[34]. These signals are conserved in either sequence or structure and govern the
progression through translation, RNA replication or assembly. Alphaviruses have
several conserved sequence elements scattered on the genomic RNA, known as CSEs14 (Figure 1.3). These were identiﬁed based not only on their conservation between
diﬀerent alphaviruses but also because they are retained on defective interfering (DI)
genomes. In addition to the CSEs, RNA signals such as the packaging signal (PS)
and downstream loop (DLP), have also been characterized. The mechanism by which
viral or host proteins recognise or control the RNA based oﬀ these signals are as yet
unclear.
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Fig. 1.3. RNA signaling elements of the alphaviruses. The conserved
sequence elements (CSEs) are found at the 5’ and 3’ends of the genome
(CSE1 and 4) as well as approximately 150nt into nsP1 (CSE2) and
at the junction between the two ORFs (CSE3). The packaging signal
(PS) is located in either nsP1 or nsP2, depending on the virus, and
the downstream loop (DLP) is located in the CP ORF. Depicted
is a schematic representation of the structure of each signal and its
location based on the literature.

Following genomic RNA synthesis, subgenomic RNA is generated from the 26S
promoter, a process also governed by recognition from the replication complex. Subgenomic RNAs are not replicated per se as they are not copied directly into a negative
strand intermediate but are instead derived from the existing full length negative
strand. The CP is the ﬁrst protein to be liberated from the structural polyprotein.

The CP itself is a serine protease and is responsible for self-cleavage co-

translationally [35]. NC assembly occurs within the cytoplasm at an as yet unidentiﬁed location. In vitro studies suggest that a dimer of CPs initiates the process [36].
Although the mechanism remains largely unknown, evidence points to the requirement for an interaction between the CP and a packaging signal (PS), found on the
genomic RNA [37]. This is referred to as packaging, which in alphaviruses is directly
linked to assembly since no empty particles are generated. Electrostatic neutralisation has been used to explain the subsequent addition of CPs into a NC, which can
be visualised cytoplasmically in abundance. CP cleavage exposes the signal sequence
in the E3 protein, which allows for the translocation of the rest of polyprotein into
the ER. After the CP, the order of translation is p62 (made up of E3 and E2), 6K/TF
and E1. E2, 6K and E1 all contain transmembrane domains [38]. The ER resident
protease, signalase, cleaves p62 from 6K and 6K from E1 [39]. These proteins then
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utilise the cellular secretory pathway to migrate to the cell surface. Furin, within the
Golgi, is responsible for the cleavage of p62 into E3 and E2 [40].
Alphaviruses alter intracellular membranes in order to achieve replication and
assembly. In doing so, they produce speciﬁc viral organelles described as cytopathic
vacuoles (CPV) [41]. The hypothesis is that each type of CPV deﬁnes a location for
a signiﬁcant complex of viral proteins. Type I CPVs (CPVIs) are associated with
RNA synthesis, are derived from endosomal membranes, and are hypothesised as
sites of replication. CPVIs are made up of a conglomeration of spherules resulting in
an independent vessicle-like organelle. Literature from many RNA viruses suggests
that each spherule represents one potential site for the synthesis of viral RNA. Like
other RNA viruses, the replication proteins of the alphaviruses, nsP1-4, have been
localised to these spherules. A widely accepted hypothesis states that the replication
complex makes up a portal at the neck of each spherule, governing the entry and
exit of nascent RNA. Each CPVI contains several spherules that line the periphery
of the vacuole [42]. A challenge faced in the ﬁeld is that the localisation of these
proteins is not exclusive to the CPVIs, most likely owing to the multi-functionality
of each protein. Therefore, it has been diﬃcult to narrow down speciﬁcally how the
replication complex interacts with spherules on a CPVI. Type II CPVs are associated
with egress and both the biogenesis and function of these virus-speciﬁc organelles
remains enigmatic. One model predicts that these structures are utilised by the virus
to transport glycoprotein spikes, after the processing through the ER-Golgi, to the
plasma membrane [43]. A large proportion of the glycoproteins and NCs can be
found in association with CPVIIs. Budding occurs at the plasma membrane and is
facilitated by the interaction of the cdE2 with the NC, which was assembled in the
cytoplasm [17]. Particles can also bud internally in insect cells via a presumably
diﬀerent mechanism [44]. A summary of the life cycle is presented in Figure 1.4.
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and host cell membranes. Nucleocapsid disassembly is initiated by
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molecule and is translated immediately into the replication proteins
nsP1-4. These proteins are responsible for RNA synthesis which ampliﬁes the number of copies of the genome within the cell. Some of
these are transcribed from an internal promoter into a subgenome
which is responsible for late translation of the structural proteins.
The capsid protein packages the genomic RNA and assembles a nucleocapsid core within the cytoplasm. The glycoproteins E1 and E2
are inserted into the ER and utilise the cellular secretory pathway for
the addition of sugars as well as traﬃcking to the plasma membrane.
Budding occurs when nucleocapsid cores contact the C-terminus of
E2 at the plasma membrane.

1.3

Thesis synopsis
In over 50 years of research, many elements of the alphaviruses have been studied

to exquisite detail. However, gaps remain in the literature. This thesis will outline the
work I have carried out investigating the link between the replication of the genomic
RNA of SINV and its packaging into a NC particle.
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The model presented in Figure 1.2, which describes the dynamics of the replication
complex is in my opinion accurate and supported by numerous lines of evidence.
However, it is also protein-centric as very little mention is made of how speciﬁcally
alphaviral genomic RNA is recognised. There is also no mention of how a CP is able
to identify the genomic RNA of the virus and assemble around it.
Chapter 2 will describe a system that was developed to understand how RNA signaling elements, on the genome of SINV, coordinate to control the processes required
for infection. The system can be described as a replicon-helper system and in this
series of experiments it was used to manipulate RNA signals known as conserved sequence elements (CSEs), in diﬀerent combinations, to determine how these inﬂuenced
translation, replication and assembly. Overall, it was concluded that each signal coordinated a speciﬁc role to make SINV infection eﬃcient. The CSE1, 2 and 4 ensured
that RNA was replicated productively. Translation, however, was unaﬀected by these
elements. Particle production was most eﬃcient when the structural proteins were
made from the CSE3, but a PS was not speciﬁcally necessary for the co-packaging of
a helper genome into particles.
Chapter 3 details a series of related studies in which RNA packaging was more
speciﬁcally addressed. In this chapter, the minimal alphaviral genome unit was increased to the size of a replicon (as apposed to a helper genome in the previous
chapter). Experiments were designed on the premise that, given the size, only one
genome would ﬁt into each particle. Using replicon and full length genomic RNAs,
competition assays were carried out to determine the requirements for speciﬁc RNA
packaging. The idea behind these experiments was to determine what eﬀect two PSs
on separate genomes, had on packaging in an environment in which it was unlikely
that co-packing could occur. When two PSs were included in the competition between
a replicon and a full length genome, the full length genome was heavily favoured for
packaging via an unknown mechanism. The PS, however, was still a major factor in
packaging, since its mutation on the full length genome shifted packaging towards the
replicon. We determined that this was a transient eﬀect as even with the PS mutation,
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replicon RNA could not be maintained eﬃciently in the population. It was therefore
concluded that the PS is part of a more extensive packaging mechanism. This mechanism may involve the subcellular location of NC assembly as another means to ensure
that packaging is eﬃcient.
In Chapter 4 the theme of packaging is continued but from a diﬀerent perspective.
This chapter details experiments in which deep sequencing technology was employed
to determine the eﬃciency with which SINV packaged its own genomic RNA. These
experiments were carried out in both BHK and C6/36 cell lines in order to determine
what eﬀect the host cell may have on packaging. Using this approach, we identiﬁed
diﬀerent speciﬁcities of RNA packaging, depending on the host cell of the virus.
SINV from BHK cells packaged exclusively its own genomic RNA, a result that was
previously suggested given the very low speciﬁc infectivity reported. Surprisingly, this
was not true for C6/36 SINV, as it was noted that more host cell RNAs packaged
into these particles. Host RNA packaging increased with time in these cells and we
formulated a hypothesis that this may be related to the kinetics of the C6/36 cell line
infection. Host RNA packaging by insect cells may be related to a mechanism for
persistent infection of the insect, a hypothesis that we plan to explore in the future.
Finally in Chapter 5 the conclusions from the above experiments will be combined
and addressed in the form of questions pertaining to aspects of replication and assembly of alphavirues. This chapter will focus on how the link between replication and
assembly ﬁts with previously established literature and what future directions could
be employed to answer these questions.

Old world
New world
New world
New world
New world
Old world
Old world
New world

EEV
MIDV
NDU
SFV
Sagiyama (SAGV)
Getah (GETV)
Ross River (RRV)
Bebaru (BEBV)
Mayoro (MAYV)
Chikungunya (CHIKV)
O’nyong nyong (ONNV)

Eastern Equine Encephalitis (EEV)
Middleburg (MIDV)
Ndumu (NDU)
Semliki Forest (SFV)

New world
New world
New world
New world
New world
Old world
New world

WEEV
Aura (AURAV)
Buggy Creek (BCRV)
Highlands J (HJV)
Fort Morgan (FMV)
Sindbis (SINV)
Whataroa (WHAV)

Western equine encephalitis

humans

humans and primates

primates

rodents

cattle and horses

rodents

birds and Rodents

Marsupials

Host range

birds

birds

birds

birds

birds

birds

birds and rodents

New world rodents horses humans

VEEV (Subtypes I-VI)

Venezuelan equine encephalitis

Old world

Old world

New world

New world

BFV

Barmah Forest (BFV)

Origin

Species

Antigenic Complex

Table 1.1.
Classiﬁcation of Family: Togaviridae, Genus Alphavirus
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2. EVIDENCE FOR A COORDINATED REGULATORY
SYSTEM BASED ON RNA SIGNALING IN
ALPHAVIRUSES
2.1

Chapter Summary
Plus strand RNA viruses utilise RNA signals on their genomes in order to specify

processes such as translation, replication and assembly. In alphaviruses, four conserved sequence elements (CSEs) have previously been described. Although some
studies have been carried out to identify how these structures function individually,
very few have focused on identifying how they cooperate during infection. This chapter will detail a system by which cooperation between the CSEs, as well as other
signaling elements on the SINV genome, was analyzed. Using co-transfections between replicon and helper RNA genomes, which diﬀered in the type and number of
signaling elements, it was concluded that alphaviruses regulate certain reactions more
than others. Early translation was unaﬀected by signaling elements. RNA synthesis/replication was the major checkpoint, which was controlled. Helper RNA genomes
in which the CSE1, 2 and 4 were present, represented the minimal element for replication. Therefore, we concluded that these signals are the minimal control element
for this process. Helper RNA packaging could be achieved both with and without
a packaging signal (PS). Together these experiments showed that alphaviruses follow RNA signaling elements sequentially in order to optimise their use of the RNA
genome. In addition, elements which allow for the replication of the RNA genome
also allow the RNA to be packaged.
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2.2

Introduction
Positive sense RNA viruses have committed to a strategy of translation, RNA

replication and then virus assembly when infecting a cell. This strategy makes the
genomic RNA the substrate for three diﬀerent reactions which must be strictly regulated if the infection is to remain eﬃcient. Viral RNA is recognised and controlled
via cis-acting RNA elements or RNA signals on the genome. These elements can
be conserved at the sequence or structure level but share the ability to function over
distance and across scale [45]. While the primary sequence codes for the proteins that
will drive viral replication, secondary and tertiary structure ensures that speciﬁc viral
or host proteins are recognised [46]. In this sense, the RNA-RNA and RNA-protein
interactions can deﬁne the fate of a viral genome in its life-cycle.
Although arguably not as well understood as viral protein structures, there are
several examples of RNA signaling in the virus literature. These elements tend to be
found on the 5’ and 3’ untranslated regions (UTR) of a genome and are most often
essential for translation and replication [34]. The internal ribosome entry site (IRES)
is one such example. These sequences although diverse in structure, achieve the goal
of cap-independent translation for picornaviruses and hepaciviruses [47]. The function
of an IRES also illustrates another feature common to many RNA signalling elements.
This is that their sequence (and subsequent structure) contains suﬃcient information
to carry out their function. This means that an IRES can be cloned downstream of
almost any ORF and begin translation. This is however not true for all signals, as
some sequences require so called kissing interactions or speciﬁc base pairing, such as
is the case for the 5’ and 3’ cyclisation sequences of the ﬂaviviruses [48]; [49].
The cis-replicating RNA element (CRE) of picornaviruses is another well characterised RNA signalling element. Like the IRES, the CRE appears to be able to
function as an independent signal [50]. CREs are hairpin loops that provide a template for the uridylylation of the VPg protein, which in turn acts as a protein primer
for positive and negative strand RNA synthesis. These signals are found almost exclu-
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sively in the coding regions of picornavirus genomes and on diﬀerent ORFs depending
on the species [51]. Besides the CREs and IRESs, other well known examples of regulatory RNA signals are frame-shift sequences, replication or translational enhancers
and packaging signals [52]; [46]; [53]. In each case, the signal may or may not be absolutely essential for virus replication and there is still much work to be done relating
how the sequence, structure or location of many of these signals inﬂuence function.
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Fig. 2.1. Replicon-helper system based on wild type Sindbis virus
(SINV). A. The location of the conserved sequence elements (CSE)
1 (red line), 2 (triangle), 3 (arrow) and 4 (black line), as well as
the downstream loop (DLP: box) and Packaging signal (PS: star) are
shown on the SINV genome. B. The replicon genome retains the sequence information for the replication proteins without the structural
genes. RNA synthesis and subsequent translation of the replicon were
measured by the reporters YFP and Fireﬂy luciferase (FFLuc). C.
The system works by co-transfecting the replicon with each helper
genome depicted and assessing what eﬀect the signals have on infection. Each helper genome contains the sequence for the structural
genes as well as mCherry as a reporter protein. The name of each
helper genome was generated from the RNA elements present in the
sequence.
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Four regions of the alphaviral genome contain a high degree of sequence conservation between species. These are referred to as the conserved sequence elements (CSEs)
and have been hypothesised as RNA signalling elements [34]; [54]; [55]; [56]; [57]. In
addition to the CSEs1-4, a downstream loop (DLP) and a packaging signal (PS),
which are not strictly conserved, are also believed to function in signalling (Figure
2.1) [58] [59]. Stem loops of approximately 50 and 20nts at the 5’ and 3’ ends of
the genome constitute the CSE1 and 4 [60]; [61]; [56]. The CSE2 is found within
the nsP1 ORF. The function of these two small stem loops, each of only 50nt is not
precisely understood [53]. The CSE3 and the DLP are closely situated and control
subgenomic RNA transcription [62] [63]. Finally, the PS, which is a series of eight
stem loop structures, approximately 400nt in size, is found internally on the genome
in either the nsP1 or nsP2 ORFs (depending on the clade of virus) and allows the
virus to package only the genomic RNA [37].
Despite the identiﬁcation of alphaviral signalling elements, few studies have endeavoured to show how these signals coordinate to achieve virus replication. In this
study we developed a replicon-helper virus system to investigate the role of diﬀerent
signal combinations, on SINV infection. Eﬃcient replication was only achieved when
the CSE1, 2 and 4 were provided on a helper RNA. However, this was dependent on
the context of the CSE2, as the sequence alone was unable to rescue a replicationdead helper. None of these signals were necessary for translation of an incoming RNA.
Replication of the helper RNA guaranteed assembly of progeny virions, the majority
of which packaged the replicon genome. However, expressing the structural proteins
downstream of the native CSE3, was more eﬃcient for assembly. The packaging of the
helper RNA did not depend on the presence of the PS. Initial characterisation of the
particles, which packaged both replicon and helper RNA, showed that each genome
may be incorporated into its own virion, although recombination between genomes
could not be entirely ruled out. Using this data we have constructed a model in which
speciﬁc CSEs represent checkpoints in the alphavirus life cycle.
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2.3

Materials and Methods

2.3.1

Cells and viruses

BHK-15 cells were grown at 37◦ C with 5% CO2 in Eagles minimal media (MEM)
supplemented with 10% fetal bovine serum (FBS). All replicon and helper viruses
were generated in the SINV, pToto64, backbone [64].

2.3.2

Construction of SINV replicon and helper constructs

The replicon (R) was cloned in two stages. First, overlap PCR was employed
on a pToto64-IRES-FFluc construct to combine the ﬁreﬂy luciferase gene to the
26S promoter using the SphI and HpaI sites. Next, PCR was used to amplify a
region of the dual-labelled nsP3-eYFP/mCherry-E2 construct [44] between BamHI
and HpaI, which included the YFP gene. The PCR product was cloned into the
replicon-luciferase backbone using BamHI and HpaI. Each of the helper constructs
was generated using the mCherry-E2 tagged SINV plasmid [65]. H1+4 was cloned
using overlap PCR to combine the 5’ UTR to the capsid ORF using the SacI to BsiWI
sites. The mCherry gene was then added using Gibson Assembly (NEB). H1-4PS was
cloned by removing the region between AfeI and BamHI and re-ligating the backbone.
H1+2+4 was made by ﬁrst generating a SmaI site in the N-terminus of the Capsid
gene, using site-directed mutagenesis PCR (SDM) and then re-ligating the SmaI sites
between the capsid and nsP1 ORF. Overlap PCR primers, which included the nsP1/2
cleavage site of 24nt, were used to insert the cleavage site in between nt712 of the
nsP1 ORF and nt7677 of the capsid ORF, generating H1+2+4Cl. To clone H1+3+4,
SDM was again used to create a BamHI site at the junction between the 5’ UTR and
the nsP1 ORF. The region between the two BamHI sites from the 5’ UTR to the nsP4
ORF was then removed and the backbone re-ligated. H1-4 was generated by removing the EcoRV to SmaI region and re-ligating the backbone. H1+4-5’ and H1+4-3’
were cloned by ﬁrst creating a BamHI and MluI multiple cloning site adjacent the
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5’ UTR (nt60) or the 3’ UTR (nt11357) in the H1+4 plasmid. A 216nt (from nt64
to 277) PCR product, encompassing the CSE2, was then cloned into each site. In
order to ensure that the capsid gene was expressed in frame, two sequential mutations
were made to H1+4-5’ using SDM. The construct, H1+4-PCR, was cloned using a
diﬀerent strategy. Only 108nt, encompassing the CSE2, was introduced directly into
the 5’ end of H1+4, using PCR.
The Renilla luciferase helper constructs were each cloned by PCR amplifying the
Renilla luciferase gene from a Dengue-Luc replicon construct using primers carrying
XhoI sites. The mCherry ORF of each helper was removed via XhoI digest and the
Renilla luciferase PCR product ligated in its place. The lucH4 plasmid was generated
by ﬁrst creating an XhoI site, via SDM, at nt22 within the 5’ UTR of the helper H1+4,
and then cloning in the Renilla luciferase PCR fragment.

2.3.3

In vitro transcription and transfection

All replicon and helper constructs were linearised with SacI and then in vitro
transcribed with SP6 RNA polymerase. Replicon and helper RNAs were transfected
into BHK-15 cells using electroporation as described previously [44].

2.3.4

Fluorescence microscopy and ﬂow cytometry

BHK-15 cells transfected or infected with replicon and helper RNA were imaged
using an Olympus 1X81 microscope and the Metamorph basic software (Molecular
Devices). Images were processed using ImageJ software. For ﬂow cytometry, the cells
were washed once with PBS and then incubated with 1.5ml Cellstripper (Corning)
for 5mins. After scraping into 1.5ml eppendorf tubes, the cells were pelleted at
5600rpm for 5mins at 4◦ C. Cells were ﬁxed in solution using 3.7% formaldehyde for
10 mins with occasional rocking. The formaldehyde was removed using an additional
spin/wash and the ﬁnal cell pellet resuspended in 500ul PBS. Flow cytometry was
carried out using a BD Fortessa Cell Analyzer. 10000 events were collected using
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a voltage of between 150 and 200V in the FITC and Texas red ﬁlter sets. Flow
cytometry data was processed using the FlowJo software package (FlowJO LLC).

2.3.5

Luciferase assays and western blots

Both Renilla and Fireﬂy luciferase assays were carried out using the Luciferase
assay system kits from Promega. At each time point, cell lysates were harvested
using lysis buﬀer and 10 ul per reactions analysed for luciferase expression using
a 96 well plate SpectraMax L luminometer and Softmax Pro Software (Molecular
Devices). Western blots were carried out by pelleting transfected cells and resuspending the pellet in 100ul SDS-PAGE loading buﬀer. SDS-PAGE was carried out
using 12.5% poly-acrylamide gels. The nitrocellulose membrane was probed with
anti-capsid antisera (Jose et al 2017) as the primary antibody and infrared-labelled
(680 nm) anti-rabbit secondary antibodies. Proteins were visualised using an Odyssey
infrared imager (Li-COR) and the Odyssey version 3 software.

2.3.6

Passaging and analysis of replicon-helper viruses

A blind passaging scheme was formulated to assess virus produced from repliconhelper transfections. Transfections were carried out via electroporation into BHK15 cells grown in T25 tissue culture ﬂasks and incubated at 37◦ C for 24h. Postelectroporation supernatant medium (P0) was harvested and 1ml used to infect a
new T25. Again, the resulting supernatant medium was harvested after 24h (P1) and
the procedure repeated to generate P2 stocks. Each supernatant stock was assayed for
virus production using ﬂow cytometry and standard plaque assay. Plaque assays were
carried out on monolayer BHK-15 cells and plaques counted after 2 days incubation
at 37◦ C. Plaques were stained using neutral red reagent.
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2.3.7

Reverse transcriptase polymerase chain reaction (RT-PCR)

2x105 BHK cells were infected with P2 wild type or helper viruses at an MOI of 1.
The cells were incubated for 12 hours after which total cellular RNA was extracted.
RNA was extracted using the RNeasy mini kit (Qiagen) according to the manufacturers instructions. RT-PCR was carried out using the One TAQ RT-PCR kit (NEB). 2ul
of total cellular RNA was used in each reaction and 40 ampliﬁcation cycles. Primer
pairs 12 (ATTgACggCgTAgTACACACTATTgAATCAAACAgCCgACCA) and 47
(ACgATggTgTAgTCCTCgTTg); 44 (ACTACAACAgCCACAACgTCT) and 47 and
12 and 45 (ATgTTgTggCggATCTTg) were used. The reactions were cleaned and concentrated through Illustra GFx kits (GE Healthcare Life Sciences). DNA products
were analysed using 0.8% agarose gel electrophoresis and ethidium bromide staining.

2.4

Results

2.4.1

Establishing SINV helper genome replication

The goal of this study was to manipulate the RNA signals present on the genome
of the prototypical alphavirus SINV. Four out of six of these signals are found on
protein coding genes and thus a system was chosen that would allow for manipulation
without an eﬀect on expression. In a replicon-helper system, the (+) ssRNA genome
is divided into two (+) strands, each capped and polyadenylated in vitro. When
co-transfected, the replicon creates replication factories, copying itself as well as the
helper [66]. Replication of the helper is therefore dependant on the signal elements
present on its genome and these can be cloned into the helpers to determine the
eﬀect on infection. Previous studies in our laboratory have shown that a C-terminal
addition to nsP3 (nsP3-YFP) and an N-terminal addition to E2 (mCherry-E2) have
minimal eﬀects on virus production [65]; [44]. We therefore used these proteins as
well as FFluc to quantify replication success. The series of helper RNAs used in this
study is depicted in Figure 2.1.
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Fig. 2.2. Fluorescence microscopy of BHK cells co-transfected with
replicon and helper RNAs. The cells were co-transfected with a 2:1
ratio of helper to replicon RNA and incubated for 16h. Following
incubation, they were visualised directly using an epi-ﬂuorescence microscope at 200x magniﬁcation. The left sided columns show expression of mCherry alone and thus successful replication of the helper
genome. Each right hand column represents a merged view of YFP
and mCherry positive cells. The scale bar (green) = 50um.

The ﬁrst experiment was carried out to determine which helper RNAs were successfully able to replicate. To do so, each combination of replicon and helper RNA
was co-transfected into BHK cells and ﬁrst assessed by ﬂuorescence microscopy (Figure 2.2) and then ﬂow cytometry (Figure 2.3). YFP+ cells were cells in which the
replicon RNA replicated and mCh+ cells, cells in which the helper replicated as well.
The results indicated a disparity in the YFP+ populations, which appeared to correspond to whether or not the replicon was being exported from the cell. Approximately
40% of the cells were YFP+ when either no helper (Replicon alone) or non-replicative
helpers (R+H1+4 and R+H1+3+4) was present in the cells. When replicative helpers
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were present (R+H1-4PS, R+H1+2+4, R+H1+2+4CL and R+H1-4) the number of
YFP+ cells was 60-70% (Figure 2.3). In separate experiments, when ﬁreﬂy luciferase
was used as a more sensitive marker for replication, early time points indicated that
an equal number of cells were transfected (Figure 2.5), suggesting that inconsistent
transfection was unlikely to have caused these diﬀerences. A more likely explanation
for this observation is that the build up of nsP2, the viral protease, without the release of the genome in the form of budded virus, had adverse aﬀects on the health of
these cells [67].
The helpers H1+4 and H1+3+4 did not result in mCh+ cells despite replication
of the replicon. This indicated that there was some block on either the replication or translation of these helper genomes. The remainder of the helpers, H1-4PS,
H1+2+4, H1+2+4Cl and H1-4 were each able to replicate and express mCherry (Figure 2.2). The diﬀerence between these and non-replicative helpers was the presence
of the CSE2, suggesting an essential role for this signal in replication. H1+2+4 and
H1+2+4Cl were the most successful at replication, judging by the number of mCh+
cells. Co-transfection of these helpers resulted in approximately 10% more mCh+
cells than the other helpers (Figure 2.3).

2.4.2

Testing if the addition of the CSE2 can rescue helper genome replication

As mentioned in the introduction, signals such as the CRE and IRES inherently
contain all the information required to achieve their function. Since the CSE2 appeared to be an important element for replication, this series of experiments aimed
to determine if this signal worked the same way. We therefore cloned the 50nt double
stem loop of the CSE2 upstream the helper H1+4, which in our previous experiments
was unable to replicate. The CSE2 was cloned at the 5’ end of the genome in either
200nt of its native sequence using a multiple cloning site (H1+4-5’) or approximately
100nt of its native sequence using a PCR approach (H1+4-PCR’).
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Fig. 2.3. Flow cytometry of BHK cells co-transfected with replicon
and helper RNAs. A. Raw scatter plots of YFP (top) and mCherry
positive populations (bottom) from a single representative experiment
where 10000 events were captured. The Y axis represents the side
scatter (SSC) of the cells vs. ﬂuorescent intensity on the X axis.
Mock transfected cells were used as a negative control and SINVYFP/SINV-mCherry virus infections (MOI 5) used as positive controls. Using the control cells, gates were created which allowed for the
quantiﬁcation of the number of positive co-transfected cells. B. Relative percentage of YFP and mCherry positive cells from two biological
replicate experiments.

The 200nt sequence was also cloned at the 3’ end, upstream the CSE4 (H1+4-3’).
Co-electroporation with the replicon did not yield productive mCherry expression
with any of the rescue helper RNAs (Figure 2.4). In both sets of 5’ end helpers,
some mCh+ cells could be visualised by ﬂuorescence microscopy (Figure 2.4 B) but
this was a rare event as the number of mCh+ cells was neither high nor strongly
ﬂuorescent (Figure 2.4 C). The conclusion was thus that the CSE2 could not rescue
H1+4 helper replication.
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Fig. 2.4. Fluorescence microscopy and ﬂow cytometry of BHK cells
co-transfected with replicon and CSE2 rescue helper RNAs. A. The
CSE2 was subcloned into H1+4 cDNA in each of three locations.
216nts from nsP1, including the CSE2 was inserted adjacent of the
5’ UTR-Capsid ORF junction (H1+4-5’) or downstream of the stop
codon (H1+4-3’). A smaller 100nt fragment was inserted directly by
PCR (H1+4-PCR). B. BHK cells were co-electroporated with each
replicon + helper combination and visualised 16h post transfection
using an epi-ﬂuorescence microscope. C. These cells were then processed for ﬂow cytometry. Only the Texas-Red (mCherry) scatter
plots are depicted.

2.4.3

Assessing the translation of helper RNAs

To complement the previous experiments, which used ﬂuorescence as a measure
of replication success, this set of experiments used luciferase to test replication. In
these experiments, helpers with Renilla luciferase (RenLuc), in the place of mCherry
were made (Figure 2.5). Co-transfection experiments were carried out as before.
On this occasion, FFluc was used to assess replication of the replicon and RenLuc,
the replication of the helper. The results of this experiment supported the previous
experiments. The presence of the CSE2 again predicted replication success. The
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CSE2-negative constructs, LucH1+4 and LucH4 produced less RenLuc than input,
LucH1-4PS and LucH1+2+4Cl produced more (Figure 2.5 C). This was despite the
observation that FFluc signals were equivalent across all samples (Figure 2.5 B). This
supported our previous conclusion that the CSE2 plays a role in regulating RNA
replication.
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Fig. 2.5. Luciferase assays of BHK cells co-transfected with replicon
and LucHelper RNAs. A. A set of the helper RNAs originally tested
were modiﬁed to code for Renilla luciferase (RenLuc) upstream of
E2 in the place of mCherry. The helper genome LucH4 was created
to ablate the CSE1 and the capsid protein while retaining RenLuc
expression. B. Co-transfected cells were lysed at the intervals depicted
and assayed for Fireﬂy luciferase expression. C. In parallel, cells were
also assayed for Renilla luciferase expression.

An alternative explanation for the results presented in Figure 2.5 could be that
translation of the helper RNAs was aﬀected when the CSE2 was absent. The next set
of experiments aimed at determining whether the translatability of the helpers was
aﬀected by the manipulation of their signal elements. Additionally, these experiments
would provide some insight into the regulation of alphavirus translation. To do so,
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RenLuc helper RNA genomes were generated in vitro both with and without a 5’
methylguonisine cap (5’ cap) structure and then transfected on their own without the
replicon. Signals generated from RenLuc expression were thus from translation of the
helper, independent of whether it could be replicated.
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Fig. 2.6. Renilla luciferase assays of BHK cells transfected with
capped (diamonds) and uncapped (circles) RenLuc helper genomes.
Translation was assessed by the ability of the helpers to express Renilla luciferase without replication by the replicon. In each graph,
a replicon plus helper curve is also depicted (triangles) in order to
determine if and when replication of the RNA contributes to the expression detected. As a negative control, a replicon only transfection
was carried out and assayed in the same manner (green line). The
replicon codes for FFluc and not RenLuc, thus any signal detected
can be considered background. A. LucH1-4PS, B. LucH1+2+4Cl, C.
LucH1+4, D. LucH4.

Helper RNAs without a 5’ cap consistently produced a signal above the background intensity, signiﬁed by a replicon only transfection (Figure 2.6 circles). Therefore, some degree of cap independent translation was possible upon transfection.
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However, cap-dependent translation could be distinguished across all helper RNAs as
a curve 0.5-2 logs above the uncapped curves (Figure 2.6 diamonds).
As each of the helpers was able to express RenLuc, we concluded that the CSE2
did not have an eﬀect on translation. Somewhat surprisingly, even the lack of a
CSE1 did not impact the translation of helper RNAs, illustrated by the level of
expression from the LucH4 genome. LucH4 and LucH1+4 resulted in the highest
levels of luciferase intensity due to translation alone (Figure 2.6 C and D). These
helpers were still non-replicative, signiﬁed by the overlap in the helper alone and
helper + replicon curves. The helpers LucH1-4PS and LucH1+2+4Cl began to show
expression as a result of RNA ampliﬁcation as early as 4h post transfection. The
signal from these cells reached saturation at 6h and RNA synthesis achieved a 2-3 log
increase in the luciferase intensity. Taken together we concluded that, unlike RNA
synthesis, translation of helper RNAs did not depend on the presence of particular
signalling elements.

2.4.4

Assembly and packaging of replicon/helper virus particles

Helper RNAs were speciﬁcally designed so that structural protein expression could
be achieved upon replication. In so doing we could assess how the replication of the
genomes aﬀected assembly of SINV particles. In order to test assembly, we infected
BHK cells with the supernatant medium from co-transfected replicon + helper cells.
We allowed infection to proceed for 8h and then analysed the infected cells for FFluc
activity. Since FFluc is coded on the replicon, its activity in the next round of cells
signiﬁed its packaging into particles (Figure 2.7).
The helpers H1-4PS, H1+2+4, H1+2+4Cl and H1-4PS all produced FFluc signals
2.5-3 logs above the background (Figure 2.7). Therefore, each of the helper RNAs
that was able to replicate in our previous experiments was able to produce particles.
These particles could at least package the replicon genome.
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Fig. 2.7. Fireﬂy luciferase assay of BHK cells infected with supernatant media from replicon/helper transfections. Equivalent volumes
of supernatant medium were used to infect new cells for 8h. The
infected cells were then lysed and subjected to FFluc assay. Untransfected cells (mock) and cells transfected the replicon alone (replicon)
were used as negative controls. L.U. = light units

Without replication of the helper RNA, particles were not made, signiﬁed by the
background signals observed from H1+4 and H1+3+4 infections (Figure 2.7). FFluc
activity could be correlated to the number of particles in the original supernatant
inoculums because: 1) the replicon genome is universal and 2) we analysed the cells
early during infection, when budding would be limited. In this case, H1-4PS produced
1 log more particles than either of the other helpers. This was unexpected since half
the number of cells were co-transfected in the original experiment (Figure 2.3).
An early hypothesis regarding the use of these helpers was that assembly of
H1+2+4 particles would be ineﬃcient since the cloning of the CSE2 added 236 extra
N-terminal amino acids to the capsid protein. Using H1+2+4Cl, we attempted to
correct for this by inserting an nsP1/2 cleavage site between the CSE2 region and
the capsid ORF. In order to investigate the protein production from the two helpers,
western blot analysis was carried out (Figure 2.8).
Approximately the same amount of capsid protein was produced by the helpers
that replicated during co-transfection (H1+2+4Cl, H1+2+4 and H1-4PS).
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Fig. 2.8. Western blot analysis of capsid protein (Cap) expression
from replicon and helper co-transfected cells. Cells were lysed 24h
post electroporation and analysed using a 12.5% polyacrylamide gel,
transferred onto nitrocellulose membrane. The capsid speciﬁc antibody CY82 was used to detect the capsid protein. wtSINV was used
as a positive control and the non-replicative helper H1+4 (with the
replicon) used as a negative control.

However, larger protein products were also observed, which cross-reacted with
capsid speciﬁc antibodies in the H1+2+4 and H1+2+4Cl lanes. These were absent in
the wt virus or the H1-4PS lanes (Figure 2.8). These products may have corresponded
to proteins generated from upstream start signals, which are present on H1+2+4 and
H1+2+4Cl RNA. This appeared to have a minimal eﬀect on wt capsid protein production. The presence or absence of the cleavage sequence also appeared to have
minimal eﬀects on wt capsid production, since H1+2+4 and H1+2+4Cl had similar
band intensities. The results in ﬁgure 2.7 suggested that H1-4PS produced 1 log
more particles than H1+2+4 and H1+2+4Cl, however their expression of the capsid
protein was the same. One explanation of this result could be that since the H1+2+4
and H1+2+4Cl produced the structural proteins from the 5’ promoter and H1-4PS
produced the same proteins from the 26S promoter, that the timing of protein production aﬀected assembly. In order to make a broader assessment of assembly and
packaging, the supernatant media from co-transfections was passaged sequentially
through BHK cells. Aliquots of each generation from P0 (post transfection), P1 and
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P2 were analysed by plaque assay (Figure 2.10), ﬂuorescence microscopy (Figure 2.9)
and ﬂow cytometry (Figure 2.10).
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Fig. 2.9. Fluorescence microscopy of replicon-helper SINV passaged
through BHK cells. A blind passage strategy was adopted to generate P0 and P1 virus. The cells were passaged for 24h each. 1ml
of supernatant medium was used for ﬂuorescence microscopy at 200x
magniﬁcation. Each image was recorded 16h post infection. Merged
images of YFP, mCherry or brightﬁeld emission are shown.

Passaging of full length SINV-YFP and SINV-mCherry viruses resulted in YFP or
mCherry signals in nearly every cell on the plate through each generation. The helper
viruses R+ H1-4 and R + H1-4PS also produced YFP and mCherry positive cells but
not to the level of the control, full length viruses. Upon visualisation of subsequent
generations, loci of YFP and mCh+ areas could be identiﬁed signifying cells that were
infected with helper + replicon virions (Figure 2.9). Our previous results indicated
that R+ H1+2+4 and R+ H1+2+4Cl could produce particles (Figure 2.7); however
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these particles did not appear to survive the passage through two generations of cells.
The conclusion concerning these helpers was thus that assembly or the co-packaging
of replicon and helper RNAs using these two helpers was too ineﬃcient to survive
successive passage. Conversely, the helper viruses R+ H1-4PS and R+ H1-4 could be
packaged and produce particles in each generation.
A
~ 50
cu

~ 40

>

50
II YFP
■

Rl + Hl-4PS

rnCh

·~ 30
·;;;

a.

0

~20
~ 10

cu

13.225

13.45

!!
C

3.5625
0.27

u

.;
0.

PO
100

"'

-.; 80
u

...~ 20

c:"'cu 10

0.7475 0.4675

0

cu
·.>:;
·;;;

r-I-

Pl
SINV-YFP

...-=

0

P2

PO
100

~ ,

cu
>

...~ 40
...

...~ 40

"'
0

0

"'
::cu

~ 20

20

u

.; 0

0.

B

P2

"'

:E 60

cu

Pl
SINV-mCherry

] 80

60

"'C

42.275 42.525

cu

~0 30

0.

R + Hl-4

"'
~ 40
u

0.

PO

Pl

P2

0
PO

Pl

P2

Fig. 2.10. Flow cytometry and plaque assay of supernatant medium
from each passage of the helper viruses R+ H1-4PS and R+H1-4. A.
After co-transfection and after each passage, the supernatant medium,
containing helper virus, was added to conﬂuent monolayers of BHK
cells and processed for ﬂow cytometry at 16h post infection. B. The
same medium was added to cells and also subjected to plaque assay.
Depicted are the P2 plaques. The same approach was used for the
full length viruses SINV-YFP and SINV-mCherry which represented
positive controls for both the detection of the ﬂuorescent proteins as
well as the production of plaque forming virus.

32
In order to quantify the number of particles and what genomes were being packaged into the helper viruses R+ H1-4PS and R+ H1-4, aliquots of supernatant
medium from each passage were used in infections of fresh BHK cells and analysed
by ﬂow cytometry (Figure 2.10). The magnitude of YFP+ cells correlated to the
number of particles that at least contained the replicon genome. The number of
mCh+ cells correlated to the number of particles which at least contained a helper
genome. In this case, it is diﬃcult to make a distinction between whether the genomes
were co-packaged or in separate particles. However, in order for a mCherry signal
to be detected, the helper genome would have to have been inserted into a cell with
a replicon. The results showed that initially, particle production was asymmetric in
that more replicon particles were made than helper particles for both helper viruses
(Figure 2.10 A. upper panel P0). Particle production was also very ineﬃcient after
the ﬁrst two rounds (P0 and P1). However, after a successive round (P2), equivalent
particles with each genome were made. The total number of particles also increased
as the helper viruses were passaged, resulting in plaque forming virus in the P2 generation. Helper virus particle production was between 101 and 103 pfu/ml and the
plaque sizes were less than 1mm in the P2 generation (Figure 2.10 B.). This was
highly attenuated compared to the tagged wt viruses SINV-YFP and SINV-mCherry
which consistently achieved 80-100% infection of cells and titres of 106 -107 pfu/ml.
This suggested that the alphaviruses were less eﬃcient when bi-partite. The helper
virus without the PS (R+ H1-4) was more productive after passaging than the helper
virus with the signal (R+ H1-4PS). This result was surprising as literature suggests
that the PS is essential to specify which RNAs are incorporated into particles.
Taken together, the conclusions from packaging and assembly of the helper/replicon
viruses are that 1) particles were produced as long as structural proteins were made.
The structural proteins were generated from the replication of the helper genomes and
thus replication of the genomes guaranteed some degree of particle production. 2)
Particle production was more eﬃcient if the structural proteins were generated from
the CSE3. This was suggested from the observation that CSE3-negative viruses R+
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H1+3+4 and R+ H1+3+4Cl did not survive blind passage but R+ H1-4PS and R+
H1-4 did. 3) The packaging signal was not essential for generation of helper viruses
that packaged both the replicon and helper genome.

2.4.5

Characterisation of replicon/helper virus particles

There was a marked improvement in the ability of the two helper viruses (R+
H1-4PS and R+ H1-4) to infect cells as they were passaged (Figure 2.10 A. P2 lanes).
This suggested that mutations had occurred which made the helper viruses more
infectious. One means to do so would be to undergo recombination, producing a
single genomic RNA. The resultant virus however would not be wt, according to our
results above, as it retained a smaller plaque phenotype, attenuated growth kinetics
and both ﬂuorescent tags (Figure 2.10). In order to investigate the genetic content
of the helper particles produced after the P2 generation, new cells were infected and
RT-PCR carried out. The primers were designed to determine whether predicted
transcripts from the helper and replicon genomes were still present after infection.
A product of approximately 5-6kb was detected when the primers 12-45 were
used (Figure 2.11 B. upper panel). This RNA species was stable and could be easily
identiﬁed upon clean up (Figure 2.11 B. lower panel). This result suggested that the
region between the 5’ UTR and the YFP ORF was intact upon helper virus infection.
Therefore either the replicon genomic RNA had been retained by the virus or any
recombination had occurred upstream YFP. Our results regarding the helper RNAs
were less deﬁnitive. The primers 12-47 were predicted to generate a 3kb product if
the helper RNA was being replicated in the cells. This product could be successfully
made using the same RT-PCR approach, if in vitro RNA was used as input (data not
shown). The results in Fig 2.11 indicated that some ampliﬁcation of a product which
migrated to between 1-2kb after the RT reaction of P2 infected cellular RNA could
be seen (Figure 2.11 B upper panel).
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Fig. 2.11. RT-PCR of the P2 helper viruses R+ H1-4PS and R+
H1-4 from infected cells. BHK cells were infected with the P2 viruses
and incubated for 12h after which total cellular RNA was extracted.
A. RT-PCR was carried out using a set of 4 oligonucleotide primers.
Primer 12 was speciﬁc to the 5’ UTR. Primers 44 and 45 were speciﬁc
for the YFP ORF. Primer 47 was speciﬁc to mCherry. Reaction 1:
primers 12-45 were used to detect the replicon. Reaction 2: primers
12-47 were used to detect the helpers. Reaction 3: primers 44-47 were
used to detect recombined genomes. The predicted sizes are based on
separate replicon and helper genomic RNAs. B. RT-PCR was carried
out on total cellular RNA and a portion of each reaction analysed
by agarose gel electrophoresis (upper panel). The reactions were also
cleaned up, concentrated and re-analysed (lower panel).

Upon column puriﬁcation (clean up) of the same reaction a faint band which migrated to approximately 3kb could be detected (Figure 2.11 B lower panel). This
band was obscured by a smear in these lanes, which suggested other less abundant
products were generated by RT. In the R+ H1-4PS infection, a product approximately as abundant as the 3kb predicted product was also detected at approximately
1.5kb. No deﬁnitive product could be detected using the primers 44-47 despite some
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ampliﬁcation in the RT-PCR reaction. (compare 44-47 in upper and lower panels).
This suggested that there are few or no recombinants being synthesised in P2 infected
cells. Our results suggested that replicon and helper RNAs were intact or minimally
modiﬁed upon P2 infection. Attempts at amplifying a single product between YFP
and mCherry failed suggesting that these genes were not on the same genome, thus
making recombination unlikely. However, this data does not rule out the possibility
that another form of recombination occurred, which could not be detected using these
speciﬁc primer pairs.
In the next experiment we were interested in determining what type of particles
a bi-partite (i.e. two genomic RNAs) alphavirus would generate. Viruses such as
Flock house virus are well characterised bi-partite viruses and package both genomes
into a single particle [68]. However, it was also possible that each RNA genome was
incorporated into its own particle, requiring co-infection in order to be fully infectious.
This strategy is employed by certain plant viruses [69]. To determine the nature of
RNA packaging inside the helper virus particles, we generated dose-response curves
for the P2 helper virus stocks. According to the literature, mono-partite virions follow
single-hit kinetics since one infectious units is equal to an infected cell. Multi-partite
genomes follow multi-hit kinetics and produce steeper dose-response curves, since
multiple particles per cell are required [70].
Both replicon/helper viruses showed steeper dose response curves compared to
their corresponding full length viruses. The interpretation is that despite the same
starting point (MOI 1), the greater the helper virus dilution, the steeper the reduction
in infection (Figure 2.12). Even when the full length virus SINV-YFP was used at
a ten-fold lower MOI, the helper viruses still infected fewer cells per dilution. The
steeper curves suggest that these viruses exhibit multi-hit kinetics consistent with
particles that contain a single genome per particle. This means that the replicon and
helper RNAs were packaged separately into their own particles and required both
types to infect the same cell in order to initiate a productive infection.
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Fig. 2.12. Dose response curves of the P2 helper viruses R+ H1-4PS
and R+ H1-4. Ten-fold dilution series of the P2 stocks of both helper
viruses as well as the full length viruses SINV-mCherry and SINVYFP were generated and used for infections on BHK cells. An MOI
of 1 was used as the starting point except in the case of SINV-YFP
where 0.1 was used. The infections were incubated for 12h after which
the cells were ﬁxed and harvested for ﬂow cytometry. The panel to
the left represents the number of mCherry positive cells and the panel
to the right the number of YFP positive cells upon infection with each
dilution.

As a ﬁnal characterisation of the helper viruses, we used ﬂuorescence microscopy
to localise each ﬂuorescent protein post infection. Again, the full length viruses SINVmCherry and SINV-YFP were used as controls to establish the pattern of localisation
in a wt infection. nsP3-YFP formed dispersed puncta within the cytoplasm. These
were abundant at 8h of the SINV-YFP infection but not as evident at the same time
point during helper virus infection. The same or similar puncta became evident at
24h during both helper virus infections (Figure 2.13 compare SINV-YFP to R+H14PS and R+ H1-4 panels). The E2-mCherry protein appeared to accumulate in areas
adjacent to the cytoplasm, most likely the ER-Golgi early in infection (8h) after which
it could be detected on the cell surface (24h). E2-mCherry could be visualised on
ﬁlopodial extensions between cells which is a phenomenon previously described for
the alphaviruses [44]. E2-mCherry production was limited at 8h in the helper viruses
when compared to wt but appeared at approximately the same location. By 24h,
E2-mCherry was also present on the cell surface as well as on the extensions (Figure
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Fig. 2.13. Fluorescence microscopy of the P2 helper viruses R+ H14PS and R+ H1-4. Semi-conﬂuent BHK cells were infected with P2
stocks of both helper viruses as well as the full length ﬂuorescent
viruses SINV-YFP and SINV-mCherry. The cells were ﬁxed and
stained with DAPI at 8h (left panels) and 24h (right panels). The
cells were imaged at 1000x magniﬁcation.

2.13 compare SINV-mCherry to R+H1-4PS and R+ H1-4 panels). Taken together,
nsP3 and E2 localisation were not altered during infection with the helper virions.
The kinetics of infection appeared to have been altered, since 24h ﬂuorescent
protein production was more evident than at 8h (which was easily visualised in the wt
infections). This was most likely a consequence of the bi-partite genome arrangement.
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2.5

Discussion

2.5.1

Alphavirus translation is not strictly controlled

In this chapter the generation of SINV replicon-helper viruses was described based
on two design principles. The ﬁrst was to maintain all the protein coding capacity
from the wt virus and the second was to include cis-acting RNA signal sequences
that would allow a second helper genome to replicate and express the structural
genes required for assembly (Figure 2.1). Translation independent of RNA replication/synthesis was assessed by transfecting a subset of helper RNAs into cells without
a replicon genome (Figure 2.6). Using Renilla luciferase as a sensitive measure of protein production, we showed that the minimum requirement for translation was the
Cap (type 0 as in a wt infection), a polyadenylated tail (PolyA) and the CSE4. It
is likely that the CSE4 was also dispensable for translation since in its simplest form
eukaryotic translation requires a 5’ cap, polyA tail and a kozak sequence [71]; [72].
Our experiments suggested that the viral genomes when introduced into cells follow
canonical host cell translation. The implication in terms of alphavirus biology is that
as long as the action of capping and polyadenylation are completed on nascent RNA,
it is competent for translation in a neighbouring cell. This is in contrast to picorna
or hepaciviral RNAs which would require that the IRES be copied exactly. This may
be a factor behind the relatively robust generation of defective interfering RNAs in
alphaviruses [73].

2.5.2

The CSE2 represents an RNA signalling checkpoint for RNA synthesis

Four out of six helper constructs were able to replicate suﬃciently for mCherry
detection using ﬂuorescence microscopy as well as ﬂow cytometry (Figure 2.2 and
2.3), although there was a diﬀerence in the magnitude with which helpers replicated.
H1+2+4 and H1+2+4Cl replicated more eﬃciently than H1-4 and H1-4PS (Figure
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2.3). The diﬀerence was likely to be inherent to the design of the two sets of helpers.
H1+2+4 and H1+2+4Cl are smaller and drive mCherry expression from the 5’ UTR
promoter. H1-4 and H1-4PS are bigger and drive expression from the CSE3 subgenomic promoter. As such, it may have been easier to initiate replication oﬀ of a
shorter helper. The result may also be explained by the timing of translation. The
5’ promoter is active 2h post transfection and ﬂuorescent proteins have an approximately 24h half life [74]; [75], therefore more cells may have appeared transfected at
16h. We did not investigate replication success later than 16h.
The presence of the CSE2 allowed helper RNAs to replicate eﬃciently in transfected cells. We derived this conclusion from the absence of the signal in nonreplicative helpers and its presence in all replicative ones. Regulation of RNA replication has been exquisitely demonstrated at the protein level and is achieved by the
sequential processing of the replication poly-protein nsP1-4 (Figure 1.2). In short,
diﬀerential cleavage either in cis or trans generates diﬀerent intermediates which temporally shifts replication complex recognition depending on the stage of infection [12].
To date there is still only one crystal structure of any of the nsP1-4 intermediates and
thus there is little to no knowledge of how these complexes would interact with RNA
signalling elements [31]. Our data support the assertions made by others that the
CSE2 plays an important role in replication [76]; [53]; [61]. Previously, mutations in
which the structure of each individual loop was abolished resulted in altered growth
kinetics of the virus [55]. mFold predictions of the ﬁrst 800nt of the SINV genome
suggested that the CSE1 and CSE2 are connected by a large stem loop that is not
strictly conserved at the sequence level. Using these structure predictions, Frolov et
al 2001, showed that removal of the CSE2 but maintenance of the preceding structures, did not disrupt negative strand synthesis but that total signal was 10-20% of
wt. Alongside other data, this group suggested a translation-initiation model of alphavirus replication, where the 5’ and 3’ ends (CSE1 and 4) interact with replication
and host cell factors in order for RNA synthesis to be initiated. Based on our data,
although it may not be strictly required to initiate, the CSE2 eﬀects a large enhance-
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ment of replication making the process productive. In support of this hypothesis,
other studies have shown potential interactions of the CSE2 with nsP2 and nsP3 [77].
In our studies, the 10-20% of wt signal, reported by Frolov et al, did not produce
suﬃcient mCherry to detect using ﬂuorescence microscopy or ﬂow cytometry. Using a separate set of helpers with a luciferase output, the degradation of the RNA
and Renluc was greater than its production in CSE2 negative constructs, resulting in
net negative curves (Figure 2.5). Our interpretation is thus that although negative
strand synthesis may be possible, due to the lack of enhancement; insuﬃcient positive
strands were produced to maintain the infection. Our analysis makes no distinction
as to whether the signals are important for the physical targeting of the RNA to the
replication complex or whether targeting is universal but that initiation or elongation
is instead strictly controlled.
As mentioned in the introduction, certain cis-acting signals, such as an IRES and
CRE, contain inherent information to carry out their function. This was not the case
for the CSE2. Even though it has been suggested that both sequence and structure
are important, we would add location on the genome to this list as the addition of this
signal to a non-replicative helper did not eﬀectively rescue replication (Figure 2.4).
For this reason the CSE2 is unlikely to be an independent signal element. Our interpretation of these results is that the CSE2 is likely to form part of a larger structure,
i.e. the CSE1, representing the 5’ promoter for RNA replication. This hypothesis
is supported by observations that CSE2 loop deletions resulted in reversions in the
CSE1, suggesting an RNA-RNA interaction [77]. The CSE1 lies in the 5’ UTR and
thus can be mutated without a consequence to protein production. The CSE2 lies
in the nsP1 ORF. This has interesting repercussions for how each of these sequences
evolved and were kept stable. Presumably, the CSE2 has a limited capacity for mutation since it is required for both productive replication and nsP1 function. Therefore
it will be interesting to determine what inﬂuence each signal has on the molecular
mechanism of action and to what degree each signal has been manipulated in the past
or could be manipulated in the future.

41
A separate but important observation that was elucidated in this study also concerned replication initiation. Perhaps unsurprisingly, the CSE3/subgenomic promoter
in concert with the DLS could not substitute for a lack of CSE2. This conclusion was made from the lack of replication and protein expression from the helper
H1+3+4. In addition, the helpers H1+2+4 and H1+2+4Cl both replicated and expressed mCherry, rendering the CSE3 unnecessary in terms of simple expression of
structural proteins in this particular context. However, it was also noted that these
two helper viruses could not be passaged (Figure 2.10). It therefore stands to reason that the CSE3 aﬀects structural protein production at the right time to aﬀect
packaging and assembly. Expressing the replication and structural proteins from the
same promoter resulted in ineﬀective particle assembly.

2.5.3

RNA replication and assembly are linked in alphaviruses

All four helper RNAs which replicated were able to assemble alphavirus particles as
judged by ﬁreﬂy luciferase assay of infected cells (Figure 2.7). For the helper H1+2+4,
this was surprising given that the capsid ORF codes for an 236 extra N-terminal
amino acids from the ﬁrst start site. Surprisingly, production of wt capsid protein
was minimally aﬀected by the N-terminal addition according to western blot analysis
of cell lysates from replicon/helper transfected cells (Figure 2.8). The addition of
a cleavage site (H1+2+4Cl) to the helper did not appear to change capsid protein
production as it was designed to do. In both cases, wt capsid protein was present at a
level equivalent to the helper in which it was produced in its native context (H1-4PS).
Larger protein products were evident but appeared to be less abundant than the wt
capsid protein. Sixteen methionine start codons are present between the 5’ UTR and
the authentic start of capsid on H1+2+4 RNA. Our only explanation of this result is
that the capsid protein was the most stable of the products produced from each start
site. It most likely persisted in the form of capsid protein or NCs. The other proteins
likely misfolded or could not make NCs and thus were degraded. This explanation
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also serves to explain the observation that despite double the number of mCh+ cells
compared to the helpers H1-4 and H1-4PS, H1+2+4 and H1+2+4Cl did not result
in a productive enough infection to survive serial passage. The larger capsid protein
products and the fact that the protein was produced oﬀ of a non-native promoter,
thus altering the kinetics of expression, likely served to place a penalty on assembly.
The helper viruses R+H1+2+4 and R+ H1+2+4Cl were thus less infectious than R+
H1-4 and R+ H1-4PS.
Passaging the supernatant media post electroporation produced two stable populations of replicon-helper SINV particles, R+ H1-4PS and R+ H1-4 (Figure 2.9 and
2.10). These populations were stable enough to produce plaque forming virus. Since
H1-4 did not contain a PS, we concluded that a PS was not necessary for the packaging of the helper genome into particles. H1-4 was cloned by fusing nt767 in nsP1
to nt6879 of nsP4, leaving only 14nt of the ﬁrst stem loop of the PS in the helper
genome. It is thus unlikely that any form of this signal was maintained, leaving only
the possibility that the capsid was able to package the RNA based on another mechanism. Other groups have shown previously that helper genomes can be packaged
despite the lack of a PS. In at least three previous studies, helper RNAs with a portion of nsP1 (including the CSE2) but lacking the PS could be consistently packaged
into particles [78]; [79]; [80]. The N-terminal domain of the capsid protein is highly
positively charged and in vitro evidence has shown that this charge is suﬃcient to
assemble particles from many negatively charged substrates [81]. Furthermore, studies in which the PS has been mutated to remove all secondary structural elements
have shown that although highly attenuated, SINV was still able to grow, albeit at a
slower rate [37]. In our system, the dose response curves, generated using P2 helper
virus supernatant media, suggested that each particle contained a single genomic
RNA (Figure 2.12). Therefore, the packaging and assembly mechanism would have
to be somewhat promiscuous at its incorporation of viral RNA. It is important to
note that we did not determine to what degree cellular RNA was packaged into these
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particles. It is therefore possible that R+ H1-4PS and R+ H1-4 have diﬀerences in
the eﬃciency with which viral or cellular RNA was incorporated.
One potential model by which both RNAs are incorporated into separate alphaviral particles is if location was an additional factor behind packaging and assembly.
In other words, by linking the location of replication and the site of assembly, alphaviruses would guarantee that viral genomic RNA was packaged preferentially.
The PS may have evolved due to an increased aﬃnity for the capsid protein. Support
for this hypothesis comes from an analysis of diﬀerent alphaviral genomic sequences.
In the Semliki Forest virus clade, the PS is found on the nsP2 ORF, not on nsP1
like in SINV, suggesting independent evolutionary events [79]; [37]. In at least one
alphavirus, Aura virus, it is believed that two or no PS at all are present, owing to its
ability to package both genomic and subgenomic RNA [82]; [83]. These observations
suggest that the PS may have evolved at a later point within the evolutionary tree of
the alphaviruses and may play some role in improving speciﬁcity or the likelihood of
assembly. Irrespective, the checkpoint for replication within the alphavirus life-cycle
thus represents a checkpoint for assembly as well. This is useful for the evolution of
a virus since a replication strategy that works in one cell is worth passing on and it
is the job of the structural proteins to ensure that this happens.

2.5.4

The coordination of an alphavirus infection via RNA signalling

This chapter has illustrated that the CSEs 1, 2 and 4 are key in driving RNA
synthesis in alphaviruses. Using these signals alone we were able to create helper
RNAs that were able to replicate and make particles. Replication was linked to
assembly, to such a degree that whatever replicated had a chance of being packaged.
However it was critical that structural proteins were produced at the right time and
in the right context. The CSE3 and DLP carry out this function. The PS was not
a vital signal for the generation of replicon-helper virions. In this way the cis-acting
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RNA elements worked in concert to achieve alphavirus infection. The key stages are
highlighted in our model in Figure 2.14.
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Fig. 2.14. Role of RNA signaling elements in the life-cycle of alphaviruses. Our data suggests that translation follows the canonical
host cell pathway and thus requires a cap, leader sequence and polyA
tail like any mRNA. Data from the Frolov group suggest that replication initiation requires only the CSE1 and 4, since RNAs without
and CSE2 are still able to make negative sense copies. In order for
RNA synthesis to be productive, the CSE2 must be present and is
thus a requirement for RNA synthesis. Speculatively this may mean
that alphaviruses regulate the elongation stage of RNA synthesis instead of the initiation phase. The requirements for RNA synthesis are
the same as the requirements for RNA packaging in a model in which
the assembly and packaging, mediated by the CP, occurs at sites of
replication (spherule). This may have been the strategy adopted by
primordial alphaviruses prior to the evolution of the PS.
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3. ASSESSING ALPHAVIRUS RNA PACKAGING VIA
COMPETITION ASSAYS
3.1

Chapter Summary
The packaging of a genomic RNA molecule resembling mRNA is a fundamental

challenge for an RNA virus. The single stranded mRNA genome of an alphavirus
must be packaged into a nucleocapsid (NC) in the cytoplasm before budding. The
packaging and subsequent assembly of the NC are incompletely understood. The work
in chapter 2 illustrated that a packaging signal (PS) was not essential for packaging
and assembly. In this chapter we used a diﬀerent approach to investigate this pathway.
A series of experiments were designed to compete SINV genomic RNAs against one
another, by artiﬁcially introducing them into the same sets of cells. The basic premise
was to test which RNA would be packaged between two that replicated approximately
equivalently. The key ﬁndings were that: 1) a full length virus out-competes a replicon
after only one generation. 2) This phenotype is partially dependent on the PS, since
a PS mutant virus shifted towards packaging more replicon RNA, in a competition
between a replicon and a full length virus with a mutant PS. 3) This shift was only
seen after electroporation and by the P1 generation, the majority of virus was again
full length. We concluded that as has been previously reported, the presence of an
intact PS inﬂuences packaging speciﬁcity. Although, we also found that the PS was
not the only factor inﬂuencing assembly. Factors such as location, replication kinetics
and space inside the particle may be as important in the process.
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3.2

Introduction
The role of packaging and assembly of alphaviral RNA falls on the capsid protein

(CP). The CP is the ﬁrst open reading frame (ORF) on the structural polyprotein. It
is auto-proteolytically cleaved from the polyprotein leaving it soluble in the cytoplasm.
The CP of SINV is 264 amino acids, 30kDa and deﬁned as two domains [84]. The
C-terminal protease domain (amino acids 114-264) is responsible for its own cleavage as well as the inter-capsomere contacts required to form a NC. The N-terminal
(amino acids 1-114) domain is highly positively charged and is responsible for RNA
interaction and initiation of assembly [85]. The N-terminus has been further divided
into region 1 (amino acids 1-81), which contains the majority of the positively charged
amino acids, as well as the only putatively structured region of the N-terminus, helix
one. Helix one is a single coiled coil -helix, reported to be involved in the dimerisation between CPs [86]. Region 2 is a smaller stretch (amino acids 81-114) whose
primary role is interaction with the RNA PS [87] [64]. In cryo-EM reconstructions of
alphaviruses, the N-terminus together with the RNA are at the centre of the NC and
have no speciﬁc structure [19].
Packaging signals are RNA signalling elements used by viruses to specify which
genomic RNA to put in a particle. Given that this is vitally important to the success
of the virus, one would predict that these signals should have been identiﬁed across
the spectrum of RNA viruses. However, this is not the case, as many well studied
(+)ssRNA viral systems, such as the picornaviruses and ﬂaviviruses, do not appear to
contain a PS. The alphavirus PS was identiﬁed via the analysis of defective interfering
(DI) RNAs [88]. This segment of the RNA found on the nsP1 ORF between nt753
and 1166 (on the SINV genomic RNA) has been consistently shown to improve the
packaging of non-viral as well as subgenomic RNAs into particles, when artiﬁcially
introduced into the RNA [79]. In addition, this sequence was also used in gel-shift
assays to demonstrate that the N-terminus of the CP could bind viral RNA speciﬁcally
[66]. A structure function study of the PS was carried out by Kim et al 2011. Using
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VEEV as the model alphavirus, this group showed that the PS consists of a series
of stem loops. These loops contain triplet guanine nucleotides on each loop tip, the
mutation of which had an eﬀect on packaging speciﬁcity. The same study showed
that a similar structure existed in the nsP2 ORF of viruses in the SFV clade, lending
support to a long held hypothesis that the PS of SFV-like viruses was in a diﬀerent
location [37].
In order to deﬁne the mechanism of NC assembly, members of our laboratory have
previously developed an in vitro assembly assay, using CP heterologously expressed
from E. coli [81]. These studies established that the speciﬁcity evident in the cell
does not extend to the minimal conditions for assembly (i.e. in vitro). Although
nucleic acid was absolutely necessary, the identity of the nucleic acid was robust as
it was shown that non-viral short or long ssRNA or DNA could be packaged into
the core-like particles (CLPs). Follow up studies showed using cross-linkers, that a
CP dimer was likely to be the initiating unit for assembly [89]. In tissue culture
experiments, extensive mutagenesis to remove the positively charged amino acids
at the N-terminus of VEEV CP resulted in particles that predominantly packaged
subgenomic RNA [90]. This data suggests that adjacent C-terminal interactions are
strong enough to result in assembly and that the speciﬁc location of assembly may
play an equally important role in the cellular context. Experiments by the same group
showed that mutagenesis of certain subdomains in the VEEV N-terminus resulted in
actin mRNA packaging, suggesting that the N-terminus may also dictate traﬃcking
to the site of assembly [91].
There are many unanswered questions in the quest to establish how NC packaging
and assembly works in alphaviruses. One of the major hurdles is the lack of intermediate states isolated for the NC. In picornavirus morphogenesis for instance, pentamers
and hexamers of the VP1-4 proteins have been isolated from infected cells [92]. Although in vitro evidence suggests a dimer is involved, no CP alphavirus intermediate
has been isolated. There is also very little evidence to suggest the location of NC
assembly. In infected cells, CP is abundant and appears to ﬂoat freely in the cyto-
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plasm [93]. This has made it diﬃcult to identify the location for assembly. In this
chapter the aim was to investigate NC packaging and assembly from the perspective
of the genomic RNA. Since alpaviruses are monopartite and it is unlikely that two full
genomic RNAs could ﬁt into one particle, we wanted to test the idea of competing
RNAs, to determine which would be favoured for packaging. Using similar ﬂuorescent
protein tags adopted in chapter 2, we were able to track the relative abundance of
genomic RNAs through populations. We found that despite robust replication and a
PS, a replicon genome could not compete with a full length genome. However, the
PS did have an inﬂuence on the packaging of the replicon but only when a mutant PS
was inserted into the full length virus. However, this eﬀect was insuﬃcient to retain
the replicon in the population. We therefore provide further proof that packaging is
a more complicated series of events that has been assumed from the discovery of the
packaging signal.

3.3

Materials and Methods

3.3.1

Cells and viruses

All of the experiments were carried out in BHK-15 cells grown at 37◦ C with 5%
CO2 in Eagles minimal essential media (MEM) supplemented with 10% fetal bovine
serum (FBS). Wt SINV was derived from the Toto64 cDNA clone [64]. mCherry-E2
SINV (mCh-E2) was cloned using the Toto64 cDNA backbone by Dr Joyce Jose [65].
The nsP3-YFP SINV (nsP3-YFP) was developed during the course of this study using
the dual-labelled cDNA clone nsP3-YFP-mCh-E2, also originally cloned by Dr Joyce
Jose [44]. Using the two XhoI sites that ﬂank the mCherry ORF, it was removed and
the backbone re-ligated resulting in a single label virus. The mCh-E2 virus in which
the PS was mutated (mCh-E2-mutPS) was cloned using mCh-E2 as the backbone and
the mutant PS sequence from a SINV-PS-GFP cDNA clone [37]. The sites BglII and
PvuI were used to exchange the PS on mCh-E2 with the mutant form. The original
clone was generously provided by Prof. Ilya Frolov at the University of Alabama at
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Birmingham. All viruses stocks were maintained in the same growth media described
above. Infections were carried out by incubating the virus with the cells for 1 hour
at room temperature and then replacing the virus with growth media.

3.3.2

Construction of mutant replicon cDNAs

The replicon used in this chapter is the same as the one described in chapter
2. To generate the Rep-GAA mutant, site directed mutagenesis was employed on
the replicon backbone. Nucleotides 7161-7166 were mutated from GACGAC (DD)
to GCAGCA (AA). The Rep-Cap replicon cDNA was generated by removing the
structural ORF sequence between two StuI sites on the dual labelled cDNA clone
nsP3-YFP-mCherry-E2 and religating the backbone. The resultant replicon retained
the replication ORF (with YFP), the 26S promoter, the capsid ORF and a truncated
ORF of E3 and E1. The Rep-E3 replicon was generated by overlap PCR using the
mCh-E2 construct. The 26S promoter region including the start codon of the capsid
ORF was overlapped with the E3 region of the genome. The restriction sites HpaI
and BssHII were used to clone the overlapping fragment into the mCh-E2 backbone.
The resulting construct retained the replication ORF, the 26S promoter and E3-E1
structural genes, including mCherry.

3.3.3

In vitro transcription and transfection

To generate RNA, cDNA clones were linearised using the SacI restriction site. In
vitro transcription was carried out using SP6 polymerase. The RNA was analysed
using 0.8% agarose gel electrophoresis and the Nanodrop to conﬁrm concentration and
quality. RNA was transfected into BHK cells using electroporation. Approximately
2-3x106 cells were placed into 0.8cm gap cuvettes and the Gene Pulser II system
(Biorad) used to electroporate.
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3.3.4

Fluorescence microscopy and ﬂow cytometry

Transfected or infected cells were imaged using an Olympus 1X81 microscope and
the Metamorph basic software (Molecular Devices). Generally, images were collected
at 200 times magniﬁcation using the green and red ﬁlters. Images were processed
using ImageJ software. For ﬂow cytometry, the cells were washed once with PBS
and then incubated with 1.5ml Cellstripper (Corning) for 5mins. After scraping into
1.5ml eppendorf tubes, the cells were pelleted at 5600rpm for 5mins at 4◦ C. Cells
were ﬁxed in solution using 3.7% formaldehyde for 10mins with occasional rocking.
The formaldehyde was removed using an additional spin/wash and the ﬁnal cell pellet
resuspended in 500ul PBS. Flow cytometry was carried out using a BD FACS Aria
III Cell Sorter operated by Dr Jill Hutchcroft (Bindley Biosciences Center). 10000
events were collected using the FITC and Texas red ﬁlter sets. Flow cytometry data
was processed using the FlowJo software package (FlowJO LLC).

3.3.5

One-step growth curves

One step growth curves were generated by incubating approximately 1x106 cells
with a given multiplicity of infection (MOI) of virus at room temperature for 1 hour.
After attachement the cells were washed once with PBS and new media added. At
each time point the media was removed and replaced until the end of the experiment.
The titer of the virus harvested from each time period was determined by plaque
assay also using BHK cells. Ten-fold dilution series were used for infection and a 1%
agarose/MEM mix for incubation. Plaques were evaluated after 2 days incubation at
37◦ C after staining with neutral red.

3.3.6

mFold analysis

mFold analysis was carried out to derive a secondary structure prediction for
the PS and mutant sequences. The sequence between nucleotides 753 and 1166
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was inserted into the mFold server (http://unafold.rna.albany.edu/?q=mfold/RNAFolding-Form). No constraints were placed on folding and the lowest free energy fold
for each sequence was used.

3.4

Results

3.4.1

Competition between the full length SINVs nsP3-YFP and mCherryE2

Fluorescently labelled full length SINV has been developed and characterised in
our laboratory [65]. SINV can be tagged on the replication proteins nsP2 or nsP3 via
their C-termini as well as on the N-terminus of the structural protein E2. The tags
are stable and have a small eﬀect on virus release [44]. The focus of previous studies
in our lab was to use these tags to assess protein localisation and traﬃcking in a wt
virus background. The approach undertaken in these experiments was diﬀerent, in
that the tags were used to identify the presence of one or the other genomic RNA,
within a mixed population. Our ﬁrst experiment was to compare the two singly
labelled viruses SINV-mCherry-E2 (mCh-E2) and SINV-nsP3-YFP (nsP3-YFP) in
terms of their growth kinetics. To this end, growth curves were carried out on cells
infected in the same manner using plaque forming units/ml (pfu/ml) as the read out.
SINV release was negatively aﬀected by the addition of ﬂuorescent tags. Average
virus release over a period of 12h was reduced by a factor of between 2.5-2.7x108
pfu/ml (Figure 3.1 C). However, despite less total virus release, the ﬂuorescent viruses
grew at a similar rate to the wt virus (Figure 3.1 B and C). This supports previous
analyses in our lab which have suggested that RNA synthesis is likely aﬀected by
the addition of YFP to nsP3 and traﬃcking/egress by the addition of mCherry to
E2. Generally these viruses are still considered productive enough to represent SINV
infection. Of greater importance was the observation that nsP3-YFP and mCh-E2
grew almost equivalently over the period of the experiment.
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Fig. 3.1. Growth kinetics of ﬂuorescently tagged SINVs. A. Schematic
depictions of wt SINV, nsP3-YFP and mCherry-E2 genomes. The
star represents the packaging signal. B. One-step growth curves were
carried out by infecting BHK cells with P1 virus at an MOI of 2 and
collecting supernatant medium every 2 hours. Virus was quantiﬁed by
plaque assay. C. Average virus release was calculated by summing the
total virus released over 12 hours for two independent replicates. The
rate of virus release was calculated using a best ﬁt linear equation.
The gradient of each curve is reported.

Since the two viruses grew at the same rate, we were interested to see what would
happen if we transfected their genomes into the same cell. Ideally, cells would be
completely co-transfected and thus the population of virus released would reﬂect the
packaging choice of the CPs in the cell. Since both ﬂuorescently labelled viruses were
approximately as competitive, we predicted that the population would be a 50% split
of one or the other virus.
A lower percentage of co-transfection was achieved than we would have predicted.
Despite the fact that equivalent RNA concentrations were used, only 12% of cells
actively replicated both genomic RNAs (Figure 3.2 1:1. Electro). The infection was
thus asymmetric and skewed towards the nsP3-YFP virus. In an attempt to equilibrate the transfection, less nsP3-YFP genomic RNA was used in the next transfection.
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Fig. 3.2. Competition between nsP3-YFP and mCherry-E2 SINVs.
An equal concentration of each (1:1) or ten times less nsP3-YFP to
mCh-E2 genomic RNA (0.1:1) was transfected into BHK cells. Infection was allowed to proceed for 16h, after which the supernatant
media and cells were harvested. The cells were ﬁxed and analysed
for ﬂow cytometry (Electro). Virus released into the supernatant was
quantiﬁed via plaque assay and a total MOI of 1 used to infect new
cells. Infection was allowed to proceed for 16h after which these cells
were analysed by ﬂow cytometry (P0).

However, this resulted in a lower total infection instead of an equivalent number of
mCherry and YFP positive cells (Figure 3.2 0.1:1 Electro). If more nsP3-YFP was
present in the electroporated cells then more YFP particles infected the next round.
The same was true when less YFP genome was transfected and more mCherry genome
was present. Therefore, and logically so, the pattern of genomic RNAs packaged into
the P0 particles was the same as the pattern of transfected cells. This supports the
conclusion of Figure 3.1, suggesting that the two ﬂuorescently labelled viruses have
similar ﬁtness. We did notice that after only one passage through the electroportated cells, nsP3-YFP had gained 10% YFP infected cells in the subsequent infection
(Compare 0.1:1 Electro vs. P0). In the 1:1 transfections, although the YFP only
populations were the same after infection, the number of mCherry cells decreased in
favour of more double positive cells (Compare 1:1; Electro vs. P0).
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We speculated that this was due to the fact that the defect ascribed to nsP3-YFP,
which is likely to be in RNA synthesis, had a lower ﬁtness cost than the defect on
mCherry-E2, which may have aﬀected both egress and entry. The mCherry protein
is retained on all 240 copies of E2 on the virus surface and it is possible that this
inﬂuences how the virus binds or enters host cells.

3.4.2

Competition between a SINV replicon and the full length mCherryE2 virus

The conclusion of the above experiment stated that input RNA roughly dictates
output particles, when two full length genomic RNAs were transfected together. In
the next experiment, we asked whether the same phenotype would be true if instead
of a full length virus, a replicon were included in the competition. Put another way,
would input still predict output if the genome encoding nsP3-YFP were unable to
make its own structural proteins, relying on the structural proteins from mCh-E2
(Figure 3.3).
Contradictory to our previous results, in this instance, almost half the cells contained both sets of genomic RNAs (43%). We therefore predicted that the replicon
would be largely retained in the population, since there is ample chance for it to
be packaged by the structural proteins coded on the mCh-E2 genome. However, the
results of P0 analysis illustrated that very few replicon genomes survived through electroporation into packaging ( 8%). Therefore in this case, input transfection did not
predict output particle production. Consistent with this observation, when the cells
were allowed to infect another round, even fewer replicon genomes survived ( 5%). In
this manner, mCh-E2 would either suppress replicon particles to 5-8% of the total
population or outcompete it completely to extinction in subsequent passages. The
conclusion of this experiment was that there was a penalty upon a replicon genome
that prevented it from being retained in a population, when competed against a full
length virus.
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3.4.3

Evaluating separate genomic RNA packaging in a competition assay

In each of the previous experiments, the base assumption has been made that
there is only suﬃcient space within a particle for one copy of approximately genome
length RNA. This assumption is supported by in vitro evidence from the NC assembly
experiments [81]. However, other studies carried out in our lab have shown that there
is some additional space in the particle, since a double-ﬂuorescent virus, nsP3-YFPmCherry-E2 was able to successfully form particles [44]. Together, both tags add
1.6kb to the genome, while maintaining packaging. We wanted to investigate if copackaging into the same particle was possible in the competition assays. To do so we
generated a replicon mutant which was unable to replicate in cis (Rep-GAA). RepGAA contains a mutation in the conserved GDD motif of the RNA dependent RNA
polymerase (RdRp): nsP4. This mutation (GDD/GAA) renders the RdRp inactive
and unable to carry out RNA synthesis. However, the RNA genome itself is still a

56
competent substrate for RNA synthesis in the presence of wt nsP4 (trans-replication).
We therefore designed an experiment in which Rep-GAA was co-transfected with
the mCh-E2 full length genome. After harvesting the media, we infected new cells
with the supernatant as before. In this case we predicted that if co-packaging was
signiﬁcant, then we would see a large proportion of yellow cells, a representation of
infection by one particle with both Rep-GAA (green) and mCh-E2 (red) genomes.
However, if co-packaging was insigniﬁcant, then almost all the cells would be red, since
infection with a green only particle would not result in a green cell as the mutant is
unable to replicate alone.
Luciferase assay of cells transfected with the Rep-GAA vs. the wt replicon resulted
in a 3-4 log reduction in luciferase expression from Rep-GAA (Figure 3.4 A). In
addition, Rep-GAA was unable to produce signiﬁcant nsP3-YFP for detection via
ﬂuorescence microscopy (Figure 3.4 B). Taken together these analyses conﬁrm that
the GAA mutation renders nsP4 (RdRp) unable to copy its own genomic RNA. When
an active nsP4 protein was introduced into cells via the full length mCh-E2 virus,
together with the Rep-GAA, replication of both genomes could be detected. This was
demonstrated by the visualisation of cells expressing both YFP and mCherry after
co-transfection (Figure 3.4 C).
These results indicated that as predicted above, the Rep-GAA replicon RNA
retained the ability to act as a substrate for RNA synthesis and could thus be transreplicated by wt nsP4, expressed from the mCh-E2 genome. This experiment was
designed to determine whether the CP in co-transfected cells could ﬁt two nearly full
length genome copies into one NC. If this was the case then we predicted that upon
infection, at an MOI approximately equivalent to the number of cells on the plate, we
would see more yellow cells. These being the product of two genomes in one particle
and the fact that the mCh-E2 could further facilitate the replication of the Rep-GAA.
The results from Figure 3.4 D. show that this was not the case. Scanning of much of
the surface area at the lowest magniﬁcation resulted in only red cells.

57
A

B
10

Rep-4h

Rep-GAA-4h

IJ Rep

8

■ Rep-GAA

36

""

..!2 4

Rep-GAA - 12h

2

0

4h

12h

D

C
Rep

·

,

mCh-E2

mCh-E2

..
.
Rep-GAA

.

.

'

'

0

'R~p-GAA•+

mCh-E~
.

.
..

• •
•
: .. ~ . .. ..
- ..

Electroporation

Rep-GAA

Rep-GAA + mCh-E2

Infection
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concentration. Each genomic RNA was also transfected on its own
as a control as was the wt replicon. At 18h post transfection, the
cells were imaged for mCherry and YFP expression. D. At 24h, supernatant medium from the transfected cells was harvested. A total
MOI of 1 was used to infect new BHK cells which were also imaged
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This suggests that genome length RNAs were packaged separately into diﬀerent
particles and therefore upon infection, when it was unlikely that two particles would
infect one cell, the mCh-E2 genome was unable to rescue Rep-GAA replication, as
they were no longer in the same cells. We repeated this experiment at an MOI of
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approximately 20 and were able to detect single YFP and mCherry expressing cells
(data not shown). Therefore, in order for this to occur, co-infection of two singly
packaged particles had to occur, supporting our separate packaging hypothesis.

3.4.4

Competition between a SINV replicon and mCh-E2 virus with a
mutant PS

As mentioned in the introduction, the literature suggests that the PS is responsible
for selecting viral RNA for assembly. The results from Figure 3.3 suggested that a
PS alone was insuﬃcient to ensure the maintenance of a replicon genome in the
population. Since both the replicon and full length virus have a PS, packaging is
therefore more complicated than the simple interaction between CP and PS in the
cell. To further investigate the role of the PS in the competition assays, we wanted
to make use of a PS mutant. Since the PS sequence is nearly 400nt and made up of
multiple stem loops, simple mutagenesis of the sequence could have proven diﬃcult.
Fortunately a PS mutant SINV has already been generated by Ilya Frolov’s lab at
the University of Alabama, and was kindly gifted to us [37]. We used this clone to
generate a mutant full length virus in the mCh-E2 background, designated mCh-E2mutPS.
The mFold predictions in Figure 3.5 A. and B. depict the PS before and after
over 100 mutations were engineered into the sequence. These mutations were made
in the Frolov lab, using alternative codons, while maintaining codon frequency and
the amino acid sequence of nsP1. The free energy prediction of the original sequence
contains multiple stem loops extending away from the backbone sequence (Figure
3.5 A). The currently accepted hypothesis is that these loops are recognised in some
manner by the N-terminus of the CP. The mutant signal does not contain these loops
and the predicted structure is instead mostly linear with small bulges (Figure 3.4 B).
The original clone, SINV-PS-GFP was incompatible for our purposes, since 1)
GFP is driven from a separate subgenomic promoter and not a tagged protein and
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MOI of 2. Virus release from the mutant was compared to the wt
mChE2 virus with plaque forming units/ml (pfu/ml) as the output.

2) we needed a red ﬂuorescent protein to complement our green replicon. For these
reasons, mCh-E2-mutPS was cloned. In the original report, mutation of the PS had
a dramatic eﬀect on SINV release [37]. We therefore predicted that our mCh-E2mutPS virus would retain this defect. Artiﬁcially introducing the RNA into cells
resulted in mCherry production (Figure 3.5. C). Growth curve analysis conﬁrmed
that the PS inﬂuenced virus release since the mutant virus was approximately 1.5-2
logs deﬁcient in pfu/ml compared to wt mCh-E2. Interestingly, the rate of virus
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release was approximately the same, judging by the similarity in slope of the two
curves (Figure 3.5 D).
After conﬁrming that the mCh-E2-mutPS had a deﬁciency in virus growth, most
likely due to RNA packaging, we next wanted to see what would happen if this virus
was competed against the replicon. In the original experiment, presented in Figure
3.3, the full length virus completely out-competed the replicon over 2 passages, despite
the fact that co-electroporation was relatively eﬃcient and both contained PSs. We
therefore repeated this experiment, except that in this case we competed the replicon
against the mutant: mCh-E2-mutPS.
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full length mCh-E2 with a mutant packaging signal (no star). Equivalent concentrations of the replicon, used previously, and the mChE2-mutPS RNAs were transfected into BHK cells. The mutation in
the PS has been characterised as a defect in the speciﬁcity of RNA
packaging. Infections were allowed to proceed for 16h after which cells
and supernatant media were harvested.The virus population released
from electroporated cells is represented by the P0 bars. The virus
population released from the P0 cells is subsequently represented by
the P1 bars.

Using a packaging defective full length virus we noted the greatest improvement
in co-transfection eﬃciency, as 57% of the cells replicated both RNAs (Figure 3.6
Electro). Our interest, as in the previous experiments, was whether input RNA after
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transfection could predict output particle production. The P0 particles resulted in
slightly more mCherry particles but also retained some degree of the replicon in the
population (Figure 3.6 P0). It was diﬃcult to correlate the two data sets and thus
we could not interpret a correlation between input and output in this experiment.
However, it was obvious that more replicon was being retained in the population
compared to the data in Figure 3.3. The interpretation was thus that the mutation
in the PS, shifted packaging away from the full length virus and towards the replicon.
In all the experiments presented in this chapter, we used plaque assays to determine the total titre of the virus present in the supernatant medium. It was interesting
to note that despite the presence of a wtPS in the system, the plaque phenotype of
mCh-E2-mutPS was retained through each passage. The phenotype was deﬁned by
a decrease in titre and smaller plaque size compared to mCh-E2 or in fact the mChE2+Rep viruses (data not shown). Despite the functional PS giving the replicon
an advantage in packaging, the replicon was reduced to only 5-7% of the population
by the P2 generation (Figure 3.6 P2). The conclusion was thus that the defect attributed to the lack of structural genes was more harmful to overall ﬁtness than a
defective PS. The virus therefore grows generally less eﬃciently rather than incorporate a functional replicon into its particles. This suggests that there is some other
inﬂuence on the mechanism of packaging that cannot be explained by the simple
presence or absence of the PS.

3.5

Discussion

3.5.1

The eﬀect of ﬂuorescent tags on SINV proteins

The ability to tag SINV has proved an eﬀective tool to study the dynamics of
infection. Our laboratory and others have used a variety of tags to study many
aspects of the alphavirus life-cycle [65] [44] [14] [94]. The major advantage of tagging
a SINV protein during an infection is that one can track where and when a protein
is traﬃcking. In this chapter (and the one before it) we have used ﬂuorescent protein
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tags for a diﬀerent purpose. In these experiments the tags have been used as an
identiﬁer for the presence of a particular genome in the system. Since it has been
shown that multiple tags can be employed in SINV, we reasoned that by introducing
two identical genomes, each with a diﬀerent tag, we could track the packaging and
subsequent infection of each genome through cell populations.
We utilised two protein tags in the above experiments; nsP3-YFP and mCherryE2. The nsP3 protein has possibly the greatest number of reported roles for alphavirus
replication and as such, appears to be the virus ”Swiss-army knife protein” . It is
involved in the membrane remodelling for assembly of replication complexes [95];
suppression of the host antiviral response [96]; negative strand RNA synthesis [21] and
most recently, macro-domain mediated ADP-ribosylhydrolase activity [97]. We and
others have demonstrated that nsP3 can be tagged and retain its function [98] [32] [44].
The data presented in Figure 3.1 illustrated that although still functional, the tag
decreases net virus release. The nsP3-YFP virus released the least amount of virus
over a 12h period and had the slowest growth rate during that time (Figure 3.1 D).
Although we did notice that by 16-24h,the virus achieved a 108 pfu/ml titre (data
not shown). This suggested a delay but not abrogation of virus release. Owing to
the multitude of roles ascribed to nsP3, it is diﬃcult to predict what speciﬁc aﬀect
the tag could have had on virus infection. Since most of the roles of the protein
have something to do with RNA synthesis, we propose that this is the most likely
candidate.
The SINV glycoprotein E2 was also tagged in the experiments above. Our laboratory has published a cryo-EM reconstruction of this tagged virus [65]. The structure
revealed that all 240 copies of the E2 protein retained mCherry on the virus surface
and this resulted in small alterations to the overall structure of the particle. The altered structure, a well as a defect in traﬃcking of E2 to the cell surface reduced virus
release. The eﬀects of this combination of defects were also seen in our experiments
(Figure 3.4), as the mCh-E2 virus produced less virus at a slightly lower rate than
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wt SINV. Together the ﬂuorescently tagged viruses shared similar growth kinetics,
which suggested they would be a useful reagent for competition assays.

3.5.2

A potential role for superinfection exclusion during co-transfection

The basis of the experiments in this chapter was the co-transfection of tagged
full length or replicon SINV genomic RNA and the subsequent analysis of the virus
output. Fluorescence microscopy and ﬂow cytometry were used to determine RNA
input and virus output. Using electroporation as the most eﬃcient method to achieve
transfection of tissue cultured cells, our aim was to co-transfect all the cells and then
assess packaging choice. We noted a correlation between the ﬁtness of the transfected
genome and the degree of co-transfection we achieved. Upon transfection of two fully
infectious genomes, co-transfected cells totalled only 12% of the population (Figure
3.2). Upon co-transfection of one full length and one replicon, co-transfection was
43% (Figure 3.3). Finally, upon co-transfection of a replicon with a full length packaging defective mutant, co-transfection was 57% (Figure 3.4). Therefore, stronger
total viral ﬁtness of the two genomes led to lower co-transfection eﬃciency. This
led us to consider the theory of superinfection exclusion, otherwise known as homologous interference, as an explanation for these results. Superinfection exclusion is
the phenomenon whereby infection of one virus prevents infection from the same or
related viruses [1]. This is not very well understood for alphaviruses, but what data
is available suggests it occurs early after infection (as little as 15min post infection),
requires translation and function of replication proteins and depends on the time of
addition; since multiple points in the life-cycle may be inhibited, depending on how
far the original infection has proceeded [99] [100]. Various models describing this
process have been forwarded. Put succinctly, the cause may be either a limited host
component, build up of the viral protease or a mere phenomenon of kinetics. Our
data lends little support to either model but does support the notion that the synthesis of the replication proteins is required. Furthermore, our data suggests that
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this phenomenon extends to electroporated cells, which can only be co-transfected to
a limited degree if both viruses are fully infectious. It also suggests that the ﬁtness
of the virus inﬂuences the degree of exclusion. A rather crude conclusion is that the
cells can only withstand dual infection of multiple genomes if at least one has some
degree of attenuation; the greater the attenuation, the greater the co-infection.

3.5.3

The PS is not the sole determinant for packaging speciﬁcity

Despite some form of superinfection exclusion, our initial analysis of two full length
SINV genomes, led us to the logical conclusion that RNA input deﬁned virus output
(Figure 3.2). If more nsP3-YFP was introduced into the electroporated cells, then
more nsP3-YFP virus came out. The same was true if nsP3-YFP was reduced in
favour of mCh-E2 virus. We expected a similar result when a replicon was competed against the full length mCh-E2 genome. A greater degree of co-transfection
and the fact that it contained all of the replication and packaging signals suggested
that this was even more likely to be the case. Our results were contradictory to
expectation as the replicon was packaged into mCh-E2 particles ineﬃciently. Only
7% of the total P0 population was YFP+ despite 43% co-transfection (Figure 3.3).
There could be multiple explanations for this result. Firstly, it is possible that the
absence of the structural genes or structural proteins may have inﬂuenced packaging.
Given the results of chapter 2, it is possible that the lack of expression from the
CSE3/subgenomic promoter or any other as yet unidentiﬁed signal in the structural
ORF, may have negatively inﬂuenced packaging. Another possibility is that coding
of the structural genes oﬀ of a separate genome may have inﬂuenced the location of
assembly. In this case, a 40% increase in mCh-E2 particles in P0 may be a reﬂection
of the CP being able to locate its own parent genome more eﬃciently than a separate replicon. Each of these scenarios suggests an intracellular defect in packaging.
It is also possible that replicon particles were in fact packaged to the same degree
as mCh-E2, but had a lower infectivity or stability. This would imply no packaging
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defect at all. Finally, probably the most parsimonious explanation is that the P0 and
P1 populations were a function of the kinetics of the system. If it was simply more
eﬃcient to produce mCh-E2 virus alone than from a dual infected system, the number
of mCh-E2 particles would simply outnumber the replicon particles. In this case, the
packaging choice is in fact not being tested. To address this scenario one would need
to create a theoretical mathematical model for packaging. If one could create a model
that could weight each genome and subsequently predict the results of infection in the
next generation, based on packaging, then one could have a comparison upon which
to validate the experimental evidence.
We chose to examine the possibility of an intracellular defect in packaging, by
utilising a SINV with a mutated PS. Given our previous results, we chose to incorporate the mutant PS into the mCh-E2 virus, in the hope that packaging would shift
to the replicon. In our hands, a PS mutant SINV (mCh-E2-mutPS) exhibited similar characteristics to what has been previously reported [37]. Our virus was able to
express the mCherry protein but released 1.5-2 log pfu/ml less virus than mCh-E2
(Figure 3.5). As was the case in previous studies, the virus was still able to grow
and release particles, suggesting that the PS does not entirely deﬁne the mechanism
of packaging and assembly. The result in Figure 3.6 showed that as predicted, the
absence of a PS on mCh-E2-mutPS resulted in more replicon particles than when
mCh-E2 was wt (compare P0 populations in Figure 3.3 and Figure 3.6). Therefore,
we interpreted this as supporting the hypothesis that the PS plays a role in specifying
the genomic RNA for packaging in alphaviruses. The results also demonstrated that
mCh-E2 particles still predominated, as by the P1 generation, they consisted of the
majority of the population. The P1 particles also exhibited a small plaque phenotype
and attenuated growth kinetics. It could be postulated that if packaging was completely shifted towards the replicon then the virus would go extinct, since replicon
only particles do not contain the structural genes to make more particles in the next
generation. The survival of the mCh-E2-mutPS showed that what packaging was
retained without a PS was suﬃcient to maintain the population. We thus concluded
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that the PS is a part of a broader mechanism to ensure that speciﬁcally viral RNA is
packaged into particles. However, this mechanism is more sophisticated than a single
RNA-CP interaction and may involve the coupling of replication to assembly which
makes the subcellular localisation of assembly, a key part of the process.
In future experiments, the complicated interpretation of the competition assays
should be addressed. These assays were diﬃcult to interpret because without complete
co-transfection, a population of cells were always left with only the full length virus.
These cells added to one particle population and not the other and thus the P0
population was always skewed toward the full length virus. We made an attempt
to correct this genetically by creating a system that only produced particles upon
co-transfection. Therefore, cells transfected with only a single genome no longer
inﬂuenced particle output. In this system the luciferase ORF in the replicon was
replaced with the CP ORF (Rep-Cap). On a separate clone, the CP ORF was removed
from the structural ORF so that only E3 to E1 was retained (Rep-E3) (Figure 3.7).
Upon co-transfection both RNAs appeared to replicate robustly suggesting that the
P0 would represent the true choice of the packaging of the CP from these cells.
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Fig. 3.7. Testing the replication and expression of replicon genomes
coding either the capsid (Rep-Cap) or glycoproteins (Rep-E3) downstream the subgenomic promoter. In vitro RNA was generated from
the cDNA clones and electroporated individually or together into
BHK cells. The cells were imaged at 16h post infection at 200x
magniﬁcation. Composite images of the red and green channels are
presented.
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4. THE PACKAGING OF HOST CELL RNA INTO SINV
PARTICLES DERIVED FROM C6/36 INSECT CELLS
4.1

Chapter Summary
The transmission of an alphavirus between hosts requires a vector. As arboviruses,

alphaviruses utilise mosquitoes as vectors. For many years there has been interest
in determining the extent to which infection diﬀers between the mammalian host
and the insect vector. In this chapter we used a newly developed next generation
sequencing tool to identify and quantify the RNA inside SINV particles from two
diﬀerent cell lines. We used BHK cells to represent the mammalian host and C6/36
cells to represent the mosquito vector. We found that SINV puriﬁed from BHK cells
was very accurately packaged at peak virus release. C6/36 SINV was less accurately
packaged. Cellular RNA could be identiﬁed within particles from C6/36 cells, more of
which was packaged, the later the virus was puriﬁed. The kinetics of a C6/36 cell line
infection may have aﬀected the accuracy of packaging and we propose a mechanism
that involves the delay of apoptosis and possibly the maintenance of subgenomic RNA
expression late in infection. This work not only has implications for the vector vs. host
paradigm but also for the investigation of the packaging mechanism of alphaviruses.
This data suggests that packaging in mosquito cells is able to incorporate host cell
RNA, an observation only previously ascribed to in vitro generated NC cores.

4.2

Introduction
The outbreak of Zika virus in 2015/2016 emphasised the importance of studying

arboviruses. Like Zika virus, a member of the Flavivirdae, all alphaviruses utilise
mosquitoes as vectors in their transmission cycle (Figure 1). As was mentioned in
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chapter one, alphavirus hosts vary widely both in species and geographic location. A
major factor that determines the location and also inﬂuences the potential for outbreak is the vector. The link between vector competence and emergence is exempliﬁed
in the case of CHIK. The currently accepted hypothesis is that mutation of the virus
allowed it to alter its vector transmission from solely Aedes aegypti mosquitoes to
Aedes albopictus as well [8]. This therefore allowed the virus to expand its host range
from Africa into the Americas.

Mammals'
Mosquitoes
cu/ex

Rodents
Horses
Primates
Humans

Aedes
Ochlerotatus
Anopheles

Birds
Fish

HOST

VECTOR

Fig. 4.1. Transmission cycle of the alphaviruses. Alphaviruses are
transmitted almost exclusively by mosquitoes. Mosquitoes in the genera Aedes and Culex are the most commonly utilised vector species.
Anopholes mosquitoes are uniquely utilised by RRV and Ochlerotatus
by MAYO. Blood feeding results in the transmission of the virus to
its host species which may be of the mammalian, avian or aquatic
variety. Naive mosquitoes can pick up the virus from infected hosts
as well as by vertical and lateral transmission.

Ingestion of the blood meal by the mosquito results in primary infection of the
midgut epithelial cells. In order for the vector to transmit the virus, replication must
occur in these cells and then disseminate to secondary organs such as the salivary
glands. When the mosquito draws blood from its host, particles in the saliva result in
infection of the host [101]. There are several intrinsic features of the vector and the
host that make infection of each system diﬀerent. Genetically, insect and mammalian
cells diﬀer and thus physiologically an insect and mammal respond in diﬀerent ways
to infection. One of the major means by which this is manifested is via the immune
system. Mammals have developed a sophisticated adaptive immune response to treat
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viral infection while in insects there is only an innate response [102]. Owing in part
to the immune response, arboviruses like the alphaviruses have developed means to
co-exist with the vector forming a commensal relationship. This is in contrast to
interaction with the host which is generally parasitic. Vector vs. host studies can be
carried out at the organismal level, using live mosquitoes and mouse models or they
can be carried out at the cellular level using tissue cultured cell lines. Tissue cultured
cells such as the C6/36 cell line are derived from the midgut of the Aedes albopictus
mosquito and are considered relatively accurate models for insect alphavirus infection
[103]. Using tissue culture model systems, phenotypic diﬀerences have been observed
between vector and host infections. These are summarized in Table 4.1.
In the previous chapter the packaging of speciﬁc alphavirus RNA was investigated
by manipulating the viral genomic content available in the cell. In this chapter the
focus was to investigate wild type alphavirus RNA packaging but from the perspective
of a host vs. vector infection. Owing to the fact that there have already been a variety
of studies illustrating the diﬀerences between vector and host, we wanted to ask the
question whether the eﬃciency of packaging may diﬀer. To date all of the data
reported on the packaging mechanism of alphaviruses has either been carried out in
vitro or in mammalian cell lines [81] [37]. Recently members of our lab showed that
the sites of replication and assembly diﬀer in mosquito vs. mammalian cell lines [44].
This suggested that despite using the same proteins, the intracellular coordination
required to make a particle diﬀers. In order to investigate if these diﬀerences extended
to the RNA that is packaged inside the particle, we used a next generation sequencing
(NGS) approach.
NGS refers to the advancement in the technology of DNA or RNA sequencing.
Minute quantities of nucleic acid species, that were once lost to the bulk or consensus
signal can now be identiﬁed and quantiﬁed. For this reason, these techniques are often
referred to as deep sequencing methods [104]. These approaches have become useful
for virologists both in the clinic and in the laboratory. Areas such as diagnostics,
drug discovery and transcriptomics have been advanced using deep sequencing tools.
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In this chapter, an NGS approach was employed to ask two simple but fundamental
questions. 1) How much viral genomic RNA is present in a puriﬁed virus sample
and 2) does the amount of viral RNA diﬀer depending on the cell line the virus was
puriﬁed from?
To sequence alphavirus particles we collaborated with Dr Andrew Routh at the
University of Texas Medical Branch who has developed a method known as ClickSeq.
ClickSeq utilises the properties of click chemistry to ligate speciﬁc adapters onto the
ends of randomly primed cDNA transcripts [105]. These adapters are designed based
on the pre-existing Illumina next generation sequencing platform and thus the method
feeds into the Illumina pipeline. ClickSeq was chosen as the preferred method because
it was designed speciﬁcally for analysis of viral genomes. The major advantage to the
approach is that there is no fragmentation step before generating a cDNA library. This
reduces the artifact sequences associated with Illumina sequencing thus improving the
resolution of sequencing. Combined with computational analysis, ClickSeq allowed
us to deep sequence puriﬁed SINV virions from either BHK or C6/36 cells. Perhaps
unsurprising, we found that SINV particles from BHK cells contained predominantly
if not exclusively SINV RNA. SINV particles from C6/36 cells contained more host
RNA inside their particles. Host RNA packaging appeared to increase with total time
of infection. We therefore formulated a hypothesis and have provided some evidence
that the kinetics, with which the C6/36 grew the virus, inﬂuenced the speciﬁcity
of RNA packaging. This chapter will therefore highlight another diﬀerence between
insect and host infection as well as a feature not previously seen in an in vivo system,
namely the ability of an alphaviruses to package host RNA molecules.

4.3

Materials and Methods

4.3.1

Cells and viruses

The experiments in this chapter were carried out in both baby hamster kidney
ﬁbroblast cells (BHK-15) and Aedes albopictus midgut cells (C6/36). BHK-15 cells
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were maintained in minimal essential media (MEM) supplemented with 10% fetal
bovine serum (FBS) at 37◦ C with 5% CO2. C6/36 cells were maintained in MEM
supplemented with 10% FBS, 1% non-essential amino acids, 1% L-Glutamine and
2.5% HEPES at 30◦ C with 5% CO2. wtSINV was derived from the Toto64 cDNA
clone and maintained in the same media as each cell line was grown in, except for a
lower FBS concentration (2-5%). The dual labeled virus nsP3-YFP-mCherry-E2 has
been described in Jose et al 2017.

4.3.2

Cumulative and one step ﬂuorescent growth curves

Growth curves were carried out by inoculating conﬂuent monolayers of each cell
line with SINV at a speciﬁc MOI designated in the experiment. The virus was allowed
to attach to the cells for 1 hour at room temperature after which the cells were washed
with PBS and new media added. In the cumulative growth curve experiments, replicate wells were prepared and one well harvested per time-point in order to measure
the accumulation of virus as a function of time. Plaque assays were carried out from
an aliquot of each time point using BHK-15 cells. Plaques were stained after 2 days
incubation at 37◦ C and 4 hours of neutral red staining. The one-step growth curves
were carried out in the same way except for two important diﬀerences. Firstly, to
facilitate a one-step approach, the media was replaced in each replicate well at each
time point. Secondly at each time point both media and cells were harvested. Plaque
assays were carried out from the media as previously described. The cells were lysed
using luciferase assay lysis buﬀer (Promega) and the ﬂuorescence of 200ul cell lysate
measured using a Spectramax M5 (Molecular Devices) plate reader.

4.3.3

SINV puriﬁcation and SDS-PAGE analysis

SINV was grown in 150cm2 tissue culture treated dishes containing conﬂuent
monolayers of BHK or C6/36 cells. Infections were carried out with wt SINV previously puriﬁed from BHK cells. Infections were carried out at room temperature,
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rocking for 1 hour after which the media was replaced with the growth media described above. Cells were incubated for a speciﬁc time laid out in each experiment
after which the media was harvested and centrifuged for 20mins at 10 000 rpm using
a Beckman JA-14 rotor. The resulting supernatant was split into Beckman 26.3ml
polycarbonate tubes (23ml per tube) and underlayed with 2ml 30% sucrose solution
(in PBS) using a Pasteur pipette. The sucrose cushions were ultracentrifuged in a
Ti50.2 rotor at 38 000 rpm for 2 hours at 4◦ C. The pellets from each cushion were dissolved in residual supernatant for 1-2 hours rocking after which they were overlayed
on top of a 0-30% gradient. The gradients were made using Optiprep density gradient
medium (Sigma Aldrich) in TNE (50mM Tris, ph 7.4, 100 mM NaCl, 1 mM EDTA)
buﬀer. The gradient was spun in a SW41 rotor at 38 000 rpm for 2 hours at 4◦ C. Virus
bands were extracted using a syringe and buﬀer exchanged using an Amicon Ultra-4
100k centrifuge ﬁlter into TNE buﬀer. Aliquots of each preparation were analysed
using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) using
12.5% resolving gels. Gels were stained using coomassie brilliant blue and destained
with a combination of methanol, glacial acetic acid and water. Gels were imaged
using an Odyssey infrared imager (Li-COR) and the Odyssey version 3 software.

4.3.4

DNase/ RNase and LDAO treated SINV puriﬁcations

The DNase/RNase treatment experiment was carried out after the sucrose cushion
step of the puriﬁcation. After combining the resuspended sucrose pellets, 4 units of
RNase and DNase enzyme were added to the treatment prep and incubated at 37◦ C
for 30mins. The treatment was then followed by gradient ultracentrifugation and the
subsequent steps described above. Lauryldimethylamine-N-oxide (LDAO) was also
applied after the sucrose cushion. A ﬁnal concentration of 1% LDAO was added to
the combined pellets of the treatment group and incubated at room temperature for
1h. This was again followed by gradient ultracentrifugation.
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4.3.5

ClickSeq next generation sequencing

SINV preparations were prepared for sequencing by extracting RNA using the
Qiagen viral RNA mini kit according to the manufacturer’s instructions. The RNA
was sent to the University of Texas Medical Branch in Galveston Texas where Dr
Andrew Routh carried out ClickSeq according to a previously published procedure
[105]. The amplicons were also analysed in Texas. For analysis the amplicons were
aligned against the SINV genome (NC-001547), the Aedes albopictus reference genome
(GCA-001444175.2) or the Mus musculus /MM9 (GCA-000001635.8) genome using
the programs Bowtie and Virema.

4.3.6

Reverse transcriptase polymerase chain reaction (RT-PCR)

Conﬂuent monolayers of uninfected BHK or C6/36 cells as well as one well of SINV
infected BHK cells were analysed for the presence of SINV by RT-PCR. RNA was
extracted using the RNeasy mini kit (Qiagen) according to the manufacturers instructions. RT-PCR was carried out using the One TAQ RT-PCR kit (NEB). 2ul of total
cellular RNA was used in each reaction and 40 ampliﬁcation cycles. Primers which

spanned 1.6kb from the 5UTR (Primer 12-ATTgACggCgTAgTACACACTATTgAATCAAACAgCCg
through nsP1 (Primer 13-CCCCTCCACTTCgCAgACAACTTCTgCggCTgCCTCgATgCC)
were used in the reactions. 5ul of a 25ul reaction were analysed using 0.8% agarose
gel electrophoresis stained with ethidium bromide.

4.3.7

Agarose gel electrophoresis of RNA

RNA puriﬁed from virus particles was analysed via non-denaturing agarose gel
electrophoresis using 0.8% agarose containing ethidium bromide. Agorse gels were
visualised using a GelDoc IT Imager (UVD).
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4.3.8

Quantitative RT-PCR (QRT-PCR) and speciﬁc infectivity

RNA was puriﬁed from two replicate preparations of C6/36 virus (Prep 1 and 2)
in the same manner mentioned above. SuperScript III Platinum qPCR kit with the
ROX dye (Fisher Scientiﬁc) was used to carry out QRT-PCR. The primer pair (10291
CAATGATCCGACCAGCAAAAC and 10292 TGTTGCTATATTGCCCGCG) were
used to generate the amplicon. The number of RNA molecules was calculated according to a standard curve generated from known concentrations of in vitro transcribed SINV RNA. Speciﬁc infectivity was calculated by dividing the number of
RNA molecules per milliliter by the number of plaques generated in a plaque assay
(per milliliter) from each preparation.

4.3.9

Thermal stability assay

Supernatent media saved from preps 1 and 2 of the C6/36 cell infection were
used in this assay. 100ul of the media from each time point was incubated at 56◦ C
in for 15 minutes and then left at room temperature for 5 minutes. Plaque assays
were immediately carried out on untreated media as well as the heat treated media.
The percent reduction was calculated by dividing the pfu/ml after treatment by the
pfu/ml before treatment and subtracting this percentage from 100.

4.4

Results

4.4.1

Growth kinetics of SINV from BHK or C6/36 tissue cultured cells

This project was initiated by a previous member of the laboratory Dr. Jon Snyder.
He noted that two virus preparations when generated from the same inoculum but
puriﬁed from either BHK or C6/36 cells resulted in diﬀerent speciﬁcities in RNA
packaging (data not shown). At the time, this was just a pilot study also serving
to test the technique, thus the timing of virus puriﬁcation between cell lines was
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not accounted for. To establish the best time to purify virus from each cell line,
cumulative growth curves of SINV were carried out.
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Fig. 4.2. Cumulative growth curve of SINV grown in BHK or C6/36
cells. Each set of cells was infected with SINV at an MOI of 2 and
the supernatant media collected every 12h for 96h. Each time point
represents the accumulation of virus in the media until that time.
Plaque assays were used to assay virus release in plaque forming units
per milliliter (pfu/ml).

SINV growth curves exhibited diﬀerent growth kinetics in each cell line. BHK
cells produced virus in a single sharp peak at 24 hours. By 36-48 hours, signiﬁcant
cell lysis was visible, which resulted in tapered virus release. C6/36 cells released
a similar quantity of SINV, later in infection and over a broader time scale. This
resulted in the accumulation of more virus over time. Like the live mosquito, the
majority of the cells appeared to be refractory to cell lysis as a result of infection.
Taken together the results suggested that virus puriﬁcation should be carried out
within 24 hours from BHK cells and anywhere between 36 and 96 hours from C6/36
cells.
A protocol of virus puriﬁcation for deep sequencing was developed based on the
growth curves in Figure 4.2. BHK and C6/36 cells were infected with puriﬁed wt
SINV (originally derived from BHK cells). Virus puriﬁcations were carried out at
8, 16, 24 and 48 hours from BHK cells. From C6/36 cells, virus was puriﬁed at

77
24, 48, 24-48h and 48-72 hours. SINV was puriﬁed following a standard gradient
ultracentrifugation protocol described in the materials and methods.
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Fig. 4.3. Puriﬁcation and SDS-PAGE analysis of SINV from BHK
and C6/36 cells. SINV was puriﬁed from the cells after infection at
an MOI of 10. A. SINV migrates as a band 2/3rds from the bottom of
the centrifuge tube. B. Each preparation was analysed by SDS-PAGE
using 5ug of bovine serum albumin (BSA) protein as a concentration
reference. During a second set of BHK infections, two bands resulted
from 24h and 48h preparations. These were called upper (U) and
lower (L) bands and were analysed separately.

Following gradient ultracentrifugation, SINV was extracted directly from the gradient using a needle to extract the illuminated band. The intensity of the band after
ultracentrifugation correlated to the amount of virus puriﬁed (Figure 4.3 A). SDSPAGE analysis served to determine both the presence of intact virus as well as its
purity. Puriﬁed SINV was represented by the E1 and E2 glycoproteins, which are
both approximately 54kDa, and the CP 34kDa in size (Figure 4.3 B). SDS-PAGE revealed that SINV could be puriﬁed as early as 8h from BHK cells but more eﬃciently
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at 16 and 24h post infection, judging by the band intensities of the proteins (Figure
4.3 B left hand gel). The BHK preparation was repeated to extract 24h and 48h virus
but on this occasion the cells showed signiﬁcant cell lysis. This may be the reason
why two bands resulted after ultracentrifugation (Figure 3.4 A. BHK 24h). On this
occasion, the preparations contained extra protein products not belonging to SINV
(Figure 3.4 B. BHK 24h and 48h (U) + (L) lanes). NC appeared to be present in
the (L) bands at both 24 and 48h. These were most likely in the form of free NC,
since the intensity of the CP on the gel was greater than the intensity of the E1 and
E2 proteins. Consistent with our growth curves, comparatively fewer virions were
puriﬁed from C6/36 cells at 24h. SINV puriﬁed up to 72h from these cells retained
its purity and was highly abundant. For two of the time points, 24-48 and 48-72h,
the media was removed from the plates and replaced. Virus was still successfully
extracted from each of the 24h time intervals suggesting that C6/36 cells continued
to actively release virus even after being infected for 3 days. Visual inspection of the
cells suggested that the cell population was still healthy even after this time point
suggesting that the time intervals could have been extended. This is in sharp contrast
to the BHK cells, which were obliterated after 48h.
The data from the growth curve and virus puriﬁcation experiments indicated that
the two cell lines responded in a diﬀerent manner to SINV infection. The BHK
cells; although releasing virus up to 24h also succumbed to infection near this time.
The C6/36 cells appeared to delay signiﬁcant virus release but could continue to
produce virus while unaﬀected by cell lysis beyond 72h. In the next experiment we
were interested to determine how intracellular protein production correlated to the
above phenotypes. In particular we were interested in determining if replication and
assembly proteins were continually expressed for the 3 days that the C6/36 cells were
infected. To carry out this experiment, a protocol for a ﬂuorescent growth curve was
developed. In this assay, the dual labelled nsP3-YFP-mCherry-E2 virus (described in
Chapter 3) was employed. The ﬂuorescent protein nsP3-YFP was used as an indicator
for the replication proteins and the process of RNA synthesis. Likewise, mCherry-E2
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was used as an indicator of structural protein production and assembly. A standard
one step growth curve approach was utilised except that at each time interval, both
the cells and the media were harvested. The media was analysed by plaque assay
to determine virus release. The cells were lysed and a proportion analysed with a
ﬂuorimeter for ﬂuorescent protein production.
The BHK cells expressed the viral proteins and released infectious virus as predicted from our previous two experiments. Both nsP3-YFP and mCherry-E2 accumulated at the same rate and peaked 24-36h post infection (Figure 4.4 A. green and
red lines). This coincided with peak virus release (Figure 4.4 A. black bars). Reduction in virus release matched decreased viral protein production. Very few infectious
virions were released after 60 hours. It was therefore concluded that in the BHK cells,
the full infectious cycle was completed within 24 hours after which the cells were no
longer viable for virus growth. The C6/36 cells initially accumulated nsP3-YFP at
a faster rate compared to mCherry-E2 (Figure 4.4 B. green and red lines). Peak
nsP3-YFP production occurred at 36 hours and remained consistent until 60 hours
post infection. MCherry-E2 accumulated slowly but steadily and peaked between 60
and 72 hours post infection. Virus output peaked at 36 hours but remained relatively
eﬃcient (above 2x107 pfu/ml) until 96 hours post infection (Figure 4.4 B. black lines).
The most interesting feature of this analysis was the observation that mCherry-E2
was still detected intracellularly at roughly 75% of the maximum signal at 96 hours
post infection. However, both infectious virus release and nsP3-YFP production had
been dramatically reduced by this time.
The conclusion was thus that the ability of the C6/36 cells to remain active after
prolonged infection coincided with a more gradual accumulation of replication and
structural proteins. NSp3-YFP and mChery-E2 production were disconnected in
C6/36 cells in that they accumulated at diﬀerent rates. This resulted in an abundance
of structural protein products accompanied by lower replication proteins towards the
end of the experiment.
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Fig. 4.4. Fluorescent growth curves of nsP3-YFP-mCh-E2 SINV
grown in BHK (A) and C6/36 cells (B). The dual-labelled virus
was added to both sets of cells at an MOI of 5. At 12h time intervals, both the supernatant medium and the cells were removed.
Plaque assays were carried out on the supernatant medium to determine the amount of virus released at each time interval in pfu/ml
(right axis). The cells were lysed and the total ﬂuorescence in the
red (mCherry-E2) and green (nsP3-YFP) range determined using a
ﬂuorescence plate reader. The raw values were converted into percent
ﬂuorescence intensity (left axis) by dividing each value by the highest
recorded reading within the data set.

4.4.2

ClickSeq analysis of puriﬁed SINV from BHK or C6/36 cells

RNA was extracted from the puriﬁed SINV preparations described in Figure 4.3
and sent to Dr Routh for ClickSeq analysis. After deep sequencing, the contiguous
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cDNA sequences averaging 50-80 bp were aligned to reference genomes to determine
the identity of each read. Each read was assigned as belonging to the virus, the host
or neither (termed unknown). To quantify the speciﬁcity of RNA packaging within
the particles, the number of reads in each category was divided by the total reads
sequenced.
0 - 8 hours

0 - 16 hours

Unknown

0 - 24 hours

0 - 48 hours

5.2%

Fig. 4.5. Quantiﬁcation of the RNA packaged inside SINV particles
puriﬁed from BHK cells. RNA was extracted from the puriﬁed virions
shown in ﬁgure 4.3 and sent for ClickSeq NGS. By aligning the reads
with the SINV or the MM9 reference genomes, each read was categorised as virus (blue-SINV), host (red-BHK) or unknown (green).

SINV from BHK cells was generally very eﬃcient at packaging its own genomic
material as over 98% of the RNA extracted from 8 and 16h time points was aligned to
the SINV genome. Our previous experiments indicated that this time correlated with
when the cells were still alive and actively producing infectious virus. The remainder
of the RNA was within the degree of error associated with deep sequencing. The virus
became less eﬃcient at packaging its own genomic RNA at later time points as the
degree of SINV genomic RNA dropped to approximately 92%. However, judging from
the data in Figure 4.3, the particles at 24 and 48h time points were not completely
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intact. Cell lysis at these times would have therefore inﬂuenced the sequencing results.
The conclusion from sequencing RNA from BHK SINV is thus that SINV was eﬃcient
at packaging its own genetic material. SINV from C6/36 cells was analysed in the
same manner.
0 - 24 hours

0 - 48 hours

Unknown

24- 48 hours

48 - 72 hours

Fig. 4.6. Quantiﬁcation of the RNA packaged inside SINV particles
puriﬁed from C6/36 cells. RNA was extracted from the puriﬁed virions shown in ﬁgure 4.3 and sent for ClickSeq NGS. By aligning the
reads with the SINV genome or a C6/36 genomic scaﬀold, each read
was categorised as virus (blue-SINV), host (red-C6/36) or unknown
(green).

SINV from C6/36 cells was not as eﬃciently packaged with its own genomic RNA
compared to BHK SINV. According to our growth kinetics data, 24 hours post infection represented the earliest time point at which signiﬁcant quantities of SINV could
be puriﬁed. The deep sequencing results showed that the virus at this time point was
almost as eﬃciently packaged as the BHK virus; as 97% of the RNA was aligned with
the SINV genome. If the cells were allowed to remain infected for another 24h, 11.6%
of the RNA extracted from the virus was of host cell origin. The data suggested that
the majority of host RNA packaged particles at this time were released between 24
and 48 hours as this time point showed 13.1% host RNA packaging. When virus was
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puriﬁed after another 24 hours, between 48 and 72h, host RNA packing was very
high at 27%. It was unlikely that the RNA could have been derived from cellular
contaminants as the results of SDS-PAGE analysis (Figure 4.3 B) suggested that the
virus preparations were pure. Furthermore, the kinetics of C6/36 cell infection suggested that infectious virus release was also high at these time points (Figure 4.1).
We therefore concluded that SINV puriﬁed from C6/36 cells was able to package
host cell RNA into its particles. Host RNA packaging increased with time. The host
RNA particles were released with or may be themselves still infectious as the cells
retained the ability to release virus up until and past 72 hours post infection. The
results of deep sequencing analysis of the puriﬁed SINV particles are summarised in
Table 4.2. In addition, a subset of the host cell reads from the C6/36 samples were
further analysed to identify whether the RNA was ribosomal (rRNA) or messenger
RNA (mRNA).
Of the host cell RNA packaged into C6/36 particles, the majority could be aligned
to mRNA sequences. We also noticed that the proportion of mRNA to rRNA was
approximately the same in each set of particles. Therefore, irrespective of how much
host cell RNA made it into particles, the proportion of mRNA to rRNA was always
approximately the same. Taken together, the results from our deep sequencing analysis showed that there is a diﬀerence in the speciﬁcity of RNA packaging of SINV from
BHK or C6/36 cells. SINV derived from BHK cells was very speciﬁc at packaging its
own genomic RNA up until the cells succumbed to infection at which point it was
unclear how reliable the results were. C6/36 cells were less speciﬁc and were able
to package both mRNA and rRNA derived from the host cell. Despite the fact that
infectious particle production continued through 72 hours, less SINV genomic RNA
was represented in the pool of puriﬁed RNA in favour of more host cell RNAs.

84
4.4.3

Validation of the SINV puriﬁcation scheme

One of the caveats of the experiments described above was that we could not
guarantee the purity of the virus preparation and thus it was possible that minor
contaminants inﬂuenced the detection of host cell RNAs. In order to address the
veracity of our puriﬁcation scheme, a series of experiments were designed to show
that a) the cells were not persistently infected in any way; b) extra-viral RNA or
DNA was not contaminating our preparations and c) microvessicles or exosomes were
not co-puriﬁed during ultracentrifugation. In order to test for persistent infection,
RT-PCR was carried out on uninfected BHK and C6/36 cells, using SINV speciﬁc
primers. Persistent infection is a feature of the C6/36 cells and normally occurs when
the cells have been passaged in the presence of virus for many weeks [106].
A

C6/36

BHK

SINV

B

C6/36 BHK

SINV

nsPl
➔,DNA

Total Cellular RN A

RT-PCRReaction

Fig. 4.7. RT-PCR to identify SINV infection in BHK and C6/36
cells. SINV infected and uninfected BHK cells as well as uninfected
C6/36 cells, were harvested at conﬂuence and the total cellular RNA
extracted. A. An aliquot of the total RNA was analysed by agarose
gel electrophoresis. B. RT-PCR was carried out using SINV speciﬁc
primers.

Total cellular RNA was extracted from both infected and uninfected cells evidenced by the ethidium bromide staining in Figure 4.7 (A). NsP1 cDNA was only
ampliﬁed from infected cells resulting in a band approximately 1.6kb in size (Figure 4.7 B). The absence of the nsP1 product in uninfected BHK and C6/36 cells
illustrated that they were clear of any previous or persistent infection.
During virus puriﬁcation we chose not to include any RNase or DNase enzymes.
We reasoned that free RNA or DNA would be unlikely to survive a series of two
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ultracentrifugation steps as well as a ﬁltration spin. To determine if extraviral RNA
or DNA had any inﬂuence on our deep sequencing results, we carried out a side-by-side
puriﬁcation with and without DNase and RNase.

A

wt

D+R

B

wt

D+R

C

wt

D+R

Fig. 4.8. Testing the eﬀect of DNase and RNase on the SINV puriﬁcation protocol. SINV was puriﬁed from BHK cells at 18h post
infection in the presence and absence of DNase and RNase (D+R).
A. After puriﬁcation an aliquot of the puriﬁed virus was analysed by
SDS-PAGE. B. RNA was puriﬁed from each preparation and analysed by agarose gel electrophoresis. C. The resulting RNA was sent
for ClickSeq. Quantiﬁcation of the RNA packaged is presented as before: blue = SINV genomic RNA; red = host cell RNA and green =
unknown RNA.

SINV was successfully isolated irrespective of treatment with DNase and RNase.
SDS-PAGE showed cleanly resolved E1/E2 and CP bands after coomassie staining
(Figure 4.8 A). The RNA isolated from the puriﬁed virus presented as two bands
approximately 10 and 7kb after agarose gel electrophoresis (Figure 4.8 B). The DNase
and RNase treatment did not appear to inﬂuence the purity or yield of RNA. Puriﬁed
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viral RNA did not appear at its predicted size of 11kb because the electrophoresis
conditions were non-denaturing. DNase and RNase treatment had a minor eﬀect on
deep sequencing as the proportion of viral RNA decreased from 91 to 87% (Figure
4.8 C). Only 1% more host cell RNA but 3% more unknown RNA was detected in
the D+R treated virus. This suggests that extraviral RNA had very little inﬂuence
on the results and if anything, the enzymes may have sheared viral RNA and made
it more diﬃcult to determine its identity.
The ﬁnal assay to validate the puriﬁcation scheme was to determine whether any
membranous bodies such as microvesicles or exosomes could have been co-puriﬁed
with SINV. These species would have to be roughly the same buoyant density as
the virus in order to co-purify in the gradient. We chose to take advantage of the
detergent resistant nature of the NC for this assay. SINV was puriﬁed from BHK and
C6/36 cells both in the presence and absence of the zwitterionic detergent LDAO.
The basis of the experiment was that any contaminating vesicles or exosomes
would be denatured by the detergent during puriﬁcation. The membrane of the virus
would also be removed leaving only the NC intact. A Clickseq comparison between
the RNA inside the treated NC, isolated from potential membrane contaminants, and
the untreated virus would reveal whether vesicles co-puriﬁed with virus.
Puriﬁcation in the presence of the detergent LDAO resulted in a loss of infectivity
as no plaque forming units were identiﬁed via plaque assay (Figure 4.9 A). This
conﬁrmed that the detergent removed the envelope which contains the glycoproteins
E1 and E2. The resulting particles were in the form of NCs, characterised by the
presence of only the CP upon SDS-PAGE (Figure 4.9 B). Deep sequencing of treated
(NC) vs. untreated (wt) particles resulted in very little diﬀerence in genomic vs.
host cell RNA proportion. LDAO treatment had very little eﬀect on the number of
SINV genomic RNAs or host cell reads detected. This therefore indicated that the
puriﬁcation scheme was speciﬁc for SINV and thus the results of deep sequencing
these virions, presented in Section 4.4.2, were speciﬁc to what was packaged inside
SINV particles.
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Fig. 4.9. Puriﬁcation of SINV in the presence of the detergent LDAO.
A. LDAO treated and untreated (wt) BHK puriﬁcations, puriﬁed 12h
post infection, were analysed by plaque assay. B. The same sample
was also analysed by SDS-PAGE. C. RNA was extracted from treated
and untreated preparations of the BHK (12h) as well as a C6/36
puriﬁcation (72h) and sent for ClickSeq. Quantiﬁcation of the RNA
packaged is presented as before: blue = SINV genomic RNA; red =
host cell RNA and green = unknown RNA.

4.4.4

Characterisation of SINV particles puriﬁed from C6/36 cells

The deep sequencing of SINV derived from C6/36 cells established that virus from
these cells had a propensity to pick up host cell RNA. This phenomenon was exaggerated the longer the cells remained infected. In the next series of experiments, the
focus was placed on further characterising the C6/36 SINV particles and what eﬀect
host RNA could have had on stability or infectivity. For these assays, a duplicate set
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of SINV preparations from 24h intervals was carried out from the C6/36 cells. Unfortunately the preparations were aﬀected by contamination of the cell culture. This
resulted in fewer particles from later time points. Despite the contamination, enough
particles could be puriﬁed for analysis. Since our deep sequencing data indicated that
host cell RNA was present in our samples, we ﬁrst explored whether we could identify
these species using simple agarose gel electrophoresis.
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Host
} RNA

Prep I
C
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Fig. 4.10. SDS-PAGE of SINV particles and agarose gel electrophoresis of the packaged RNA. SINV particles were puriﬁed in 24h increments from C6/36 cells. Duplicate preparations were established,
referred to as Prep 1 and Prep 2. A. SDS PAGE analysis of Prep
1 and 2. B. Non-denaturing agarose gel electrophoresis of the RNA
puriﬁed from Prep 1 (top) and Prep 2 (bottom) C. In a separate
experiment, SINV particles and RNA was puriﬁed from C6/36 cells
from the 48-72h and 72-96h time points. The SDS gel is presented on
the left and the agarose gel on the right. This puriﬁcation was not
aﬀected by contamination as was the experiment in A and B.

As was the case in the previous experiments, the presence of E1/E2 and CP upon
SDS-PAGE indicated that SINV was puriﬁed in each of the samples (Figure 4.10 A).
Less virus was puriﬁed from the 48-72h samples as a result of the contamination. Each
puriﬁcation from Prep1 and Prep2 was resuspended in the same volume of TNE buﬀer,
half of which was used to extract RNA. The same volume of RNA was analysed using
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non-denaturing agarose gel electrophoresis (Figure 4.10 B). SINV RNA was presumed
to be the product with the highest intensity migrating to approximately 3kb.
The size is consistent with that of in vitro transcripts made from cDNA (data not
shown). RNA of approximately 500bp and less could be visualised predominantly
in the 24-48h and 48-72h lanes over both replicates. We were cognoscente of the
fact that the virus preparations had been aﬀected by contamination and thus we
also analysed the RNA from a separate series of puriﬁcations that were also derived
from the C6/36 cells. The smaller RNA species were also present in these samples
(Figure 4.10 C). The fact that the small RNA species appeared from C6/36 but not
BHK SINV, accumulated during later time points of the C6/36 infection and were
consistent across puriﬁcations suggested that these were the host cell RNAs identiﬁed
during ClickSeq.
The speciﬁc infectivity of a virus is a measure of its infectiousness. Speciﬁc infectivity is measured as the number of particles required to deﬁne an infectious unit. A
low number means that fewer particles are required to produce an infection. It has
been established that alphaviruses have a low speciﬁc infectivity; in some reports as
low as the single digits, meaning nearly one particle of SINV is suﬃcient to create
an infection [107]. We calculated the speciﬁc infectivity for the C6/36 preparations
described above by measuring the total SINV RNA by QRT-PCR compared to the
number of plaque forming units by plaque assay.
It was previously established that fewer particles were puriﬁed from 48-72h time
points due to contamination of the cells. It is therefore unlikely that the titre and
number of RNA molecules is precisely relative between time points. However, the
ratio between RNA molecules and titre would remain the same, as the RNA extraction
and plaque assays were carried out per sample. The infectivity experiment was thus
unaﬀected by the contamination. Speciﬁc infectivity increased modestly with time
from the C6/36 SINV. The particles were roughly 1.5 times less infectious at 48h and
2.5 times less infectious at 72h. Therefore the addition of host cell RNA to the SINV
particles made the particles less infectious.
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Fig. 4.11. Speciﬁc infectivity of SINV puriﬁed from C6/36 cells. A.
The RNA from the replicate puriﬁcations described in ﬁgure 4.10 was
analysed by QRT-PCR using SINV speciﬁc primers (blue-left axis).
Each virus preparation was also analysed by plaque assay (purpleright axis). B. The number of RNA molecules determined by QRTPCR was divided by the plaque forming units in each sample. The
result is the average speciﬁc infectivity for SINV at each time point.

The aﬀect on speciﬁc infectivity may have been predicted since more host and
fewer genomic RNAs were available in the particle population. In the next experiment
we aimed at determining what aﬀect a package like host cell RNAs would have on the
structure of the particles. To do this we utilised a thermal neutralisation assay to test
for particle stability. In this assay, virions are subjected to heat treatment (56◦ C),
which neutralises the virus. The longer the virus is heated, the greater the degree
of neutralisation [108]. For this particular assay we utilised supernatant media for
a constant neutralization time and measured the percent reduction in pfu/ml using
pre- and post-treatment media across time points. Our hypothesis was that host cell
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RNAs would interfere with the natural packaging of the particles and thus decrease
their stability and therefore later time points would exhibit lower stability.
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Fig. 4.12. Thermal neutralisation assay of supernatant media harvested from SINV infected C6/36 cells. The supernatant media from
C6/36 cells infected with SINV at an MOI of 10 was harvested every
24h for 96h. A. Plaque assays were carried out on untreated aliquots
from each time point as well as those treated at 56◦ C for 15mins. B.
The percent reduction was calculated by dividing the pfu/ml before
and after treatment.

The 56◦ C neutralisation was able to neutralize 94% of the virus at 24h. The neutralization increased gradually so that by 96h, neutralisation was at 99.57% (Figure
4.12 B). It is important to note that this was not an artefact of the time spent in the
media as each time point represented a 24h period. The percent reduction was used as
a measure of the stability of the particles at each time point. The data indicates that
the thermal stability of SINV decreased the longer the C6/36 cells remained infected.
Taken together with our deep sequencing data, this suggested that packaging more
host cell RNA into particles decreased the stability of the particles. Therefore, our
analyses in this section established that host cell RNAs could be visualised in C6/36
SINV particles (more evident at later time points) and that these RNAs reduced the
infectivity as well as the stability of SINV particles.
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4.5

Discussion

4.5.1

SINV from C6/36 cells packages more host cell RNA than SINV
from BHK cells

In this chapter deep sequencing was used to determine how eﬃciently SINV packaged its own genomic RNA into particles. ClickSeq analysis of SINV from BHK cells,
which grew the virus steadily for approximately 24h until succumbing to infection,
revealed that these cells were eﬃcient at packaging. At 8 and 16h post infection,
98% of the RNA extracted from puriﬁed virions could be aligned to SINV (Figure
4.5). Furthermore, only 0.05 and 0.2% of the RNA speciﬁcally aligned to host RNAs.
There are very few studies that have focused on packaging speciﬁcity of puriﬁed virus
particles using NGS and thus it is diﬃcult to judge what constitutes good or bad
packaging. We are only aware of one other study by our collaborators in which traditional Illumina RNA sequencing was employed on the small RNA insect virus Flock
House virus (FHV). In this study the identities of RNA packaged from virus-like particle (VLP) and wt formulations of the virus were compared. Wt FHV also packaged
98% of its own genome and 1% of its host Drosophila mRNA [109]. This makes SINV
as eﬃcient as FHV. According to our data, the packaging eﬃciency of SINV dropped
between 24 and 48h post infection. However, SDS-PAGE analysis (Figure 4.3) revealed that the particles were no longer pure at these time points, most likely owing
to the lysis of the cells. In these experiments, an MOI of 10 was employed to ensure
a successful puriﬁcation and it is our experience that high MOI alphavirus infections
result in cell lysis before 24h. This likely resulted in SINV RNAs fragmenting so
that they could no longer be identiﬁed, accounting for the high unknown numbers
of 5.2 and 2.5% at 24 and 48h (Figure 4.5). The highly speciﬁc packaging of BHK
SINV particles matches the low speciﬁc infectivity, which has previously been established [107] [44]. Combined with our data this suggests that SINV is very good at
encapsidating its own RNA within a shell that is very eﬃcient at entering new cells.
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SINV from C6/36 cells was comparatively less eﬃcient at packaging its own genomic RNA. Growth kinetics of the virus in these cells revealed that the virus could
be eﬀectively puriﬁed anywhere between 24 and 96h post infection, owing to the fact
that there is less cell lysis during infection (Figures 4.2 and 4.4). The SINV virions
puriﬁed early after infection produced the most eﬃcient virus, with 96% viral and
3.1% host RNA. In our analysis the virus got progressively worse at packaging its
own genomic material in favour of packaging more host RNA. In the period between
48-72h, 27% of the packaged RNA was identiﬁed as coming from the host. Interestingly, an analysis of the identity of host RNAs revealed that roughly 80% were
mRNAs and 20% rRNAs, a ratio that was consistent irrespective of how much total
host RNA was packaged (Table 4.2). We interpret this as an indicator of the consistent location of RNA packaging intracellularly. The speciﬁc location of NC assembly
is unknown but is believed to be in the cytoplasm in close proximity to replication
complexes [44]. Our data thus suggests that mRNAs have better access to a NC than
rRNAs. Furthermore, we hypothesise that a speciﬁc subset of host RNAs is being
packaged into the particles. It is unclear using the current methodology whether or
not we would be able to identify whether there is a pattern of mRNAs that can ”ﬁt”
into the NC. It is possible that the host RNA packaging is truly random, suggesting that a pattern may never emerge. A physical analysis of the packaged RNA via
agarose gel electrophoresis revealed that the sizes of the host RNAs were consistent
across time points and across replicates (Figure 4.10). This suggests that only host
RNAs that can ”ﬁt”, either with or without the genome, can represent substrates
for assembly. Given that we have a large number of host RNA reads in the C6/36
samples (especially at late time points), there may be some way to cross-reference
mRNA length against our host library in order to determine which cellular species
are being packaged.
Recent data produced by our laboratory revealed that there are fundamental
spatio-temporal diﬀerences in the infection of BHK or C6/36 cells. Using a combination of live-cell imaging and electron microscopy it was shown that where BHK
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cells have a physical segregation between replication and assembly, C6/36 cells do
not. Both replication and assembly appear to occur on large cytopathic vacuoles that
accumulate in the cytoplasm of a C6/36 cell. In addition, particles bud internally into
these vacuoles [44]. The experiments in this chapter add to this body of work suggesting that the diﬀerent location of packaging and assembly results in more particles
with host cell RNA inside of them. Our data suggests that this negatively impacts
the infection strategy for the virus since the speciﬁc infectivity and stability of the
particles decreased (Figures 4.11 and 4.12). Persistent infection is a well characterised
phenomenon of insect systems and is perceived as a means for arboviruses to remain
in circulation without the infection of a host [106]. The molecular mechanism of persistence remains a mystery. Persistently infected C6/36 cells continue to replicate and
produce virus at a much lower level than during an acute phase [44]. It is therefore
possible that the continued infection of this cell line produces particles that become
less and less infectious by allowing the virus to package host cell RNA. Conceivably,
this would allow the cells time to mount an immune response, which brings the vector
and the virus to equilibrium. More work is required to explore this hypothesis.

4.5.2

A potential mechanism for host RNA packaging

We noticed a correlation between the time the C6/36 cells spent infected and the
amount of host cell RNAs we detected by sequencing. The longer the cells spent
infected, the more host cell RNA was detected (Figure 4.6 and 4.10). The kinetics
of C6/36 infection established by the ﬂuorescent growth curves suggested a possible
mechanism behind how this could occur. This data revealed that by carrying out a
one-step growth curve, thereby removing the medium every 12 hours, the cells could
maintain the growth of the virus for 96 hours. The peak of replication protein production (as measured by the ﬂuorescence of nsP3-YFP) and the peak of infectious virus
release (as measured by plaque assay) were the same, between 36 and 60h. By 96h,
both levels had dropped to 10-25% of the maximum. However, this was not the case
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for the structural proteins, measured by the ﬂuorescence of mCherry-E2. mCherryE2 ﬂuorescence was approximately 70% of maximum at 96h. This suggested that
structural proteins were still being translated despite a likely drop in RNA synthesis.
Through evolution, alphaviruses have separated transcription and translation of their
replication and structural proteins. Replication proteins are expressed via translation
of the full length genome while structural proteins are generated via a subgenomic
RNA [1]. It has previously been reported that subgenomic RNA synthesis outcompetes genomic RNA synthesis later in infection [110]. We propose that the abundance
of subgenomes and their relative stability would result in an overproduction of structural proteins with fewer genomes to package. In this scenario host cell RNAs would
be required to ﬁll the particles as their would be an abundance of structural proteins
still present to make them. This mechanism would apply solely to C6/36 cells as they
do not undergo apoptosis as a result of infection. Critical experiments to interrogate
this model would be to correlate the number of internal genomic RNA copies with the
amount of structural proteins present. A low genome to structural protein ratio would
suggest the possibility that there are fewer true genomic RNA substrates for assembly.
Additionally one could establish a way to interpret subgenomic RNA stability/decay.
This hypothesis relies on the assumption that subgenomic RNA translation proceeds
while nascent RNA synthesis halts. If subgenomic RNAs were shown to remain stable
and productive late during a C6/36 infection, this would be considered supportive of
our hypothesis.

4.5.3

Implications of the ability of alphaviruses to package host cell RNA
on the mechanism of packaging

We are not the ﬁrst group to describe the packaging of host cell material into
SINV particles. In an article published in 2013, Kevin Sokoloski and colleagues described a series of experiments where particles of diﬀerent densities were puriﬁed from
BHK cells. They went on to show via mass spectrometry and a modiﬁed PAR-CLIP
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experiment that the so-called SINV heavy and SINV C6/36 particles contained ribosomal proteins. Therefore the potential for SINV to package materials from its
host cell has been established before. The introduction to chapter 3 also highlighted
that work has been done in our lab, using in vitro NC assembly, which also showed
that nucleic acids, other than the genomic RNA could be packaged into a core-like
particle [81] [89]. The deep sequencing experiments in this chapter provide another
line of evidence that it is possible for alphaviruses to package non-genomic RNA.
The explanation for this is likely to be in the highly positively charged N-terminus
of the CP. The mounting evidence suggests that despite the presence of a packaging
signal, the CP retains its inherent ability to self assemble. In C6/36 cells infected for
over 48h and potentially lacking suﬃcient genomes to package, this means that host
RNAs are packaged. In BHK cells, cell lysis prevents this from happening, resulting
in packaging that is eﬃcient and productive.
The packaging of host cell RNA has been utilised during the evolution of other
viruses such as HIV. In HIV particles, host cell tRNA is packaged in order to prime
the reverse transcriptase reaction in a subsequent cell [111]. It is unclear if there is
a speciﬁc role for the host cell RNAs packaged by SINV or if they are by-products
of the packaging mechanism. This data would require validation in live mosquitoes
before such a hypothesis could be posited. These experiments are well within the
capabilities of the current technology and should be undertaken.

No CPVs
Unique cdE2-NC interactions

Induce CPVs
Unique cdE2-NC interactions

Replication and Assembly

Multi-NC (Variable)
E1-Asn141-paucimannose

Single NC (Homogeneous)
E1-Asn141-complex

Virion morphology

Internal and External (PM + vesicles)

External (PM)

Budding

Persistent infection (low CPE)

Acute infection (high CPE)

Host response

Insect cells

Mammalian cells

Phase of infection

Reference

Crispin et al., 2013

He et al., 2010

Miller and Brown 1992

Gliedman et al., 1975

Jose et al., 2017

O’ Neil et al., 2015

Table 4.1.
Diﬀerences in alphavirus infection between mammalian and insect tissue cultured cells
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Table 4.2.
Diﬀerences in alphavirus infection between mammalian and insect tissue cultured cells
Cell Line

Time(h)

BHK

0-8

24.94

98.56

1.44

0-16

19.63

98.18

1.82

0-24

3.68

92.24

7.76

0-48

14.16

91.48

5.97

0-24

5.27

96.56

3.08

84597

20.11

79.89

0-48

14.55

88.10

11.63

911387

21.00

79.00

24-48

14.04

86.65

13.06

1006031

22.84

77.16

48-72

12.87

72.35

27.37

1912368

22.37

77.63

C6/36

Reads (M) %virus

%Host

Reads

%rRNA %mRNA

The %host represents the percentage reads that could either be identiﬁed as belonging
to the host or were unlikely to be an artifact of deep sequencing.
The C6/36 subset was also aligned to the rRNA or mRNA databases of the C6/36
scaﬀold genome. Percentages represent the rRNA or mRNA reads within the total
host reads.
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5. CONCLUSIONS AND FUTURE DIRECTIONS
5.1

How and where is an alphavirus RNA genome replicated?
For many years the most widely accepted hypothesis concerning alphavirus ge-

nomic RNA replication is that the cleavage of the replication proteins controls the
maturation state of the replication complex [1]. This hypothesis is supported by elegant in vitro evidence. Recently, the focus has shifted to determining where this
process and subsequent RNA replication occur inside the cell. It is broadly accepted
that RNA viruses have evolved a common strategy to replicate their genomic RNAs.
Many RNA viruses manipulate host cell membranes creating speciﬁc small invaginations, known as spherules, which are believed to be the sites of RNA synthesis.
Spherules of diﬀerent shapes and sizes have been observed for Brome mosaic virus,
Flock house virus, SARS coronavirus, dengue virus and various alphaviruses [112].
A spherule is a small invagination of a membrane, which extends into a pre-existing
organelle. Spherules are believed to house the replication complex as well as the template and nascent RNA. The ﬁeld is only beginning to glimpse the function of these
intracellular structures but thus far, the current hypotheses are that they concentrate
replication components; protect dsRNA from innate immune eﬀectors and provide a
speciﬁc microenvironment for RNA replication.
Curiously, alphavirus spherules begin their biogenisis at the plasma membrane
[75] [113]. Endocytosis of the spherules using actin-myosin networks results in the
fusion of multiple vesicles containing spherules, which in turn fuse into a larger structure known as a cytopathic vacuole type I (CPV I) [75]. In order to understand how
spherules are formed, groups have carried out pull down assays with both; nsP2 and
nsP3 protein. The host cell proteins G3BP1 and 2 as well as the insect homolog
Rasputin were consistently and abundantly pulled down [98] [114]. These proteins
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have been implicated as a major component of P bodies and stress granules, which are
sites of stalled translation and mRNA degradation within the cell. These complexes
are also involved in mRNA transport [115] [33]. This, therefore, provided a plausible
explanation for the mechanism of spherule biogenisis. It has therefore been hypothesised, that alphaviruses usurp the stress granule response, taking advantage of RNA
binding and transport proteins of the cell to traﬃc RNA and replication machinery
to speciﬁc locales within the cell.
The requirements for spherule biogenisis have been the topic of a series of papers
by Dr Tero Ahola’s group at the University of Helsinki. This group was able to
develop a trans-replication system whereby replication proteins were expressed via a
plasmid without the mRNA itself being replicated. Diﬀerent template RNAs were
then co-transfected into the cells together with the plasmid, to study how these
templates inﬂuenced the spherules that were generated [116]. Some of the major
ﬁndings from this work were that active RNA synthesis was necessary to generate a
spherule and that the size of the RNA template approximately dictated the size of
the spherule [117]. The activity of each of the replication proteins was also required,
since mutations that inhibited processes such as helicase activity, protease activity
or membrane association also prevented spherule formation [118]. Therefore, it has
become clear that spherules are tightly associated with replication of alphaviruses.
The work carried out in Chapter 2 illustrated that RNA signalling is an important
factor when considering the replication of these viruses. The data showed that the
SINV has evolved a sequential series of RNA signals that primarily govern the process
of RNA synthesis over translation and to a lesser degree, RNA packaging. Given the
current understanding of the role of spherules in RNA replication, it would therefore
be interesting to determine how RNA signals inﬂuence spherule formation. The work
of Ahola and colleagues to date has focused primarily on the non-structural proteins
and how their activity inﬂuences spherule formation. However, since RNA replication
requires proteins plus genomic RNA and RNA replication is necessary for spherule
formation; it stands to reason that the RNA may play an equally important role in
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the process. The data in Chapter 2 suggests that the CSE2 is a key regulator in the
replication process. It was also mentioned that inhibition as a result of a lack of CSE2
was likely due to an error in elongation, since data from other sources showed that
negative strands can still be generated without a CSE2. This in turn suggests that
the CSE2, together with the CSE1 and 4 form critical contacts with the replication
complex, that allow it to elongate eﬀectively. It would therefore be interesting to
determine what eﬀect an ineﬀective complex has on spherule formation and whether
or not, sub-optimal RNA templates can generate spherules at all.
To this end, determination of the structure of the replication complex would also
be useful. To date structural information for a pre-cleavage intermediate of nsP2-3
as well as domains of nsP3 exist. Such limited structural detail has limited the understanding of the molecular details driving RNA synthesis. X-ray crystallography
has been unable to solve these structures, most likely due to the dynamic nature of
the complex. If this approach is to be maintained, it may be useful to co-crystalize
the complex with RNA, perhaps RNA lacking a CSE2, which may trap an intermediate state of the complex. The other method, although this would have a limit in
terms of resolution, is to use tomography. This would have the advantage of determining the structure in the context of the spherule as well. It is believed, although
there is very little substantiating evidence, that the replication complex is housed
at the neck of each spherule and provides a portal for the exit of genomic RNA to
the cytoplasm. Another possibility that cannot be ruled out is that RNA signals
may inﬂuence the traﬃcking of RNA. In this case, the CSE2 may represent a more
eﬃcient signal together with the CSE1 and 4 for recognition of stress granule factors
responsible in bringing components of the replication factory to the right location of
the cell. Generally speaking, RNA traﬃcking is a often neglected feature of the virus
literature. Very little information is available, besides interactions with possible host
RNA binding proteins, to suggests how alphaviruses may traﬃc their RNA. Given
how many reagents are available for alphaviruses and the extent of the supporting
literature, these viruses should provide a useful system to investigate RNA transport.
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5.2

Where is an alphavirus NC assembled?
In Chapter 4, virions puriﬁed from BHK cells were shown to contain almost ex-

clusively their own genomic content by deep sequencing. This illustrated that the
mechanism for packaging and by extension assembly is very speciﬁc in SINV. The
reasoning behind this has traditionally been ascribed to the PS and yet in Chapter 2,
helper RNAs without a PS could still be packaged and in Chapter 3, a virus in which
the PS was mutated grew at the same rate as wt virus. This therefore suggests that
alphaviruses employ multiple means to ensure speciﬁc packaging and assembly of NC
and the location of assembly may be one of them.
Finding the location for NC assembly has been a challenge. Fluorescent imaging
of the CP within an infected cell is like turning on a Christmas tree, as the CP
appears throughout the cytoplasm. Furthermore, intracellularly, there is no means
to diﬀerentiate between free CP and CP within a NC. Our lab and others have noted
that NCs can be found in close vicinity to the spherules involved in RNA replication.
For this reason, the favoured hypothesis is that the spherule is also the location for
NC assembly. The data in Chapter 2 illustrated that alphaviruses appear to link
the processes of RNA replication to NC assembly. The primary piece of evidence
supporting this notion was that a helper RNA that replicated eﬃciently, produced
structural proteins in the right context, but lacked a PS, could be incorporated into
particles. Theoretically, this would represent an advantageous strategy since RNA
that replicates eﬀectively in one cell should be passed on to another cell.
The observation that the size of an RNA template dictates the size of the spherule
suggests that a single genomic RNA molecule inhabits one spherule. Therefore if it
is believed that the site of NC assembly is indeed the spherule, then one NC would
be generated at each spherule, packaging a single copy of the genomic RNA. In the
replicon-helper system described in chapter 2, cells in which both replicon and helper
genomes replicated should, according to this theory, have had two sets of spherules:
replicon spherules and helper spherules. By extension, NC could only pick up a
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replicon or a helper from each spherule which would in turn predict separate packaging
of each genome. The results of the dose-response curve in Chapter 2 suggested that
this may be the case and could be the ﬁrst tantalizing piece of evidence to support the
one spherule: one genome: one NC hypothesis. One means to test this hypothesis
could be to determine how much non-replicating RNA is packaged in a system in
which the structural proteins are abundant. In theory, one could use CRISPR-CAS9
technology to generate cell lines in which the structural proteins could be turned on.
If these cell lines were transfected with replicating and non-replicating templates then
one could determine whether RNA that does not visit a spherule is packaged.
Evidence also exists in the literature that the location of NC assembly plays a
role in the speciﬁcity of packaging. Observations have been made that when the
N-terminal domain of the CP is mutated such that the positively charged amino
acids are neutralized, more subgenomic RNA is packaged [90]. Of all the mRNA
molecules in the cell it is unlikely that subgenomes would be favoured, unless they
were consistently in the vicinity of the CP. Therefore the traﬃcking of the protein
to the site of RNA synthesis was likely maintained in these experiments. The data
presented in Chapter 4 suggested that alphaviruses are exquisitely eﬃcient packagers
of their own genomic RNA. This was because deep sequencing data showed that over
98% of the genomic RNA from virions puriﬁed from BHK cells was of SINV origin.
This suggests that in a wt system, cellular RNA has very little access to the location
of assembly. In addition, since the CP would need to be traﬃcked to the site of
assembly, the evidence suggests it does not pick up cellular components en route and
thus assembly may only be initiated at this site.

5.3

How is the NC assembled?
The initiation of NC assembly leads to the inevitable question concerning how

speciﬁcally this process takes place. The in vitro assays carried out previously in our
lab have provided a starting point to answer this question [81] [89].
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Fig. 5.1. Model of the location and mechanism of NC assembly. A)
The CP (orange) self-cleaves from the remainder of the polyprotein
after translation from the subgenomic RNA. B) CP must traﬃc to
the site of NC assembly, which at present, is believed to be the replication spherules. Alphavirus spherules are formed from endo-lysomal
vesicles and contain the genomic plus (black solid line) and minus
strand (red dashed line) RNA. The hypothesis suggested by the data
presented in this thesis and substantiated by other observations is
that each spherules represents a site for a single NC to assemble. C)
The mechanism of NC assembly requires the interface between the
capsid protein (C), the replication proteins (nsP1-4) and the genomic
RNA. The PS is most likely the ﬁrst point of contact and serves to
dimerise the capsid protein, initiating assembly which is primarily
driven through electrostatic neutralisation.
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This body of work showed that the CP requires some form of negatively charged
substrate to assemble, therefore unlike in bacteriophages, assembly is coupled to packaging. It also showed that in vitro, this process is non-speciﬁc, since NCs assembled
from DNA, assembled as eﬃciently as those from genomic RNA. Our data in Chapter
4 suggests that the in vitro system is therefore inconsistent with what is observed in
tissue culture, at least from the BHK cells. In BHK cells, the speciﬁcity of packaging
was highly eﬃcient. This suggests that the mechanism of packaging and assembly are
tightly regulated inside the cell. Given the arguments made above, elements such as
the location of assembly, the packaging signal and the kinetics of replication may all
serve to regulate the process.
In its simplest form, the NC is assembled via the interaction of 240 copies of the CP
with one another as well as the genomic RNA. The structures of various alphaviruses
have shown that the C-terminal domain is primarily responsible for inter-capsomer
contacts and thus can be ﬁtted into the density of the NC structure [119] [19]. The
N-terminal domain is unstructured and faces inwards towards the NC RNA core. The
N-terminal domain is thus believed to be responsible for initiating and co-ordinating
the assembly of the NC via its interaction with the genomic RNA. Regions within the
N-terminal domains of SINV and VEEV have been implicated in recognition of the
PS; binding replication proteins; as well as binding other CPs to form a dimer [85] [86]
[120]. Dimeric CP could substitute for monomeric protein in vitro and thus represents
the only intermediate reported for the assembly process [36]. Outstanding questions in
this area of research include how the N-terminal domain initiates assembly? Whether
it plays any role in traﬃcking the CP to the site of assembly? And what role it plays
in deﬁning which package is assembled.
Recently an alternative model of assembly has been generated for a number of
RNA viruses [121] [122]. This model, called the two stage assembly mechanism, is
based on the observations that the RNA of some viruses required compaction in order
to ﬁt inside a NC. The second stage is that CPs follow a pre-determined pathway laid
out by the RNA genome that allows them to make the contacts required to form a
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NC. This model can be explained by imagining the stapling of a piece of string into a
sphere. In order for that string not to accumulate on one part of the sphere one would
need to staple it consistently to the inside of the sphere. Therefore the string would
form its own lattice within. The string is representative of the RNA genome and the
staples are packaging signals, scattered throughout the genome. Studies assessing this
hypothesis have shown that multiple signals allow the RNA to deﬁne the pathway
of the CPs, in so doing specifying the assembly of the NC [123]. Consistent with
this prediction, viruses in which the two stage mechanism has been predicted, have
well deﬁned internal density for the RNA within the particle [124]. Additionally, the
sequences which contact the CP have speciﬁc functions in assembly such as changing
the angle with which one CP interacts with another, otherwise known as a molecular
switch [125].
Several observations suggest that the alphaviruses do not follow a strict two stage
mechanism. Firstly, there is no speciﬁc density that has thus far been ascribed to the
RNA within a NC. Secondly, several RNA packaging signals would suggest that only
speciﬁc RNAs can be packaged inside two stage particles and this is not the case for
alphaviruses. In vitro and now in vivo evidence (the data in Chapter 4 concerning
host cell packaging in C6/36 SINV particles) suggests that alphaviruses do not require
several speciﬁc RNA contacts to form a NC. Finally, most of the two stage viruses
had not previously been ascribed a single PS and thus multiple smaller less conserved
PSs was plausible. In alphaviruses, a single PS has been described and although
this may not represent the only consideration for packaging, still appears to play a
major role. Therefore to conclude, alphavirus assembly is likely a function of the
electrostatic charge neutralisation, which brings CPs which are traﬃcked to the right
location in the cell, into close proximity to an RNA molecule, that ﬁts the dimensions
of a particle. The PS may play the role of initiating the dimer contact between two
CPs. CP-CP interactions between C-terminal domains are in turn strong enough to
continue to build the capsid which also continues to negate the charge of the RNA.
Unfortunately, interrogation of this mechanism will remain diﬃcult until we develop
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more speciﬁc tools to study the process. An antibody that could diﬀerentiate between
the CP and the NC would be a key reagent as it may be possible to speciﬁcally
pull down intermediates in the assembly process. This would be important data in
identifying speciﬁcally how multimers of the CP form a NC structure. Other tools
which could be employed are cryo-EM reconstruction of the NC, focusing speciﬁcally
on asymmetric averaging of the internal density. Using this approach would allow one
to test the hypothesis that there is no consistency in the contacts made by the RNA
with the internal side of the NC. A lack of consistency would be a predictor of a truly
electrostatic mechanism where as some degree could be seen as more supportive of a
two stage like mechanism.
In closing, alphaviruses present a perfect example of why science tends to answer
questions with more questions. Despite many years of research, there are still many
pressing questions in the ﬁeld. In this thesis, experiments were conducted to show
that alphaviruses replicate and package their RNA in a linked and tightly controlled
manner. Aside from being useful from a fundamental perspective, this information
may also be useful to design therapeutics speciﬁc for emerging alphaviruses.
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